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THE  EFFECT   OF  HIGH   CONTINUOUS  VOLTAGES   ON 
AIR,  OIL,  AND  SOLID  INSULATIONS 


BY  F.  W.  PEEK,  JR. 

Abstract  of  Paper 

The  dielectric  strength  of  air,  oil  and  solid  insulations  was 
determined  for  d-c.  voltages  up  to  150  kv. 

The  d-c.  visual  corona  voltage  is  practically  equal  to  the  maxi- 
mum a-c.  corona  voltage  for  wires  varying  in  radius  from  0.013 
cm.  to  the  largest  sizes.  The  variation  of  d-c.  and  a-c.  corona 
voltages  with  air  density  is  the  same  over  a  large  range.  The 
laws  already  given  for  a-c.  voltages  apply  equally  well  for  d-c. 
voltages  in  terms  of  maximum  values. 

The  spark-over  of  gaps  is  the  same  on  alternating  current  and 
direct  current  for  equal  maximum  voltages  when  the  gap  is  such 
that  spark-over  precedes  corona.  Thus,  for  the  sphere  gap  the 
same  laws  apply  for  a-c.  or  d-c.  voltages.  This  is  true  at 
various  air  densities. 

When  corona  precedes  spark-over  there  is  generally  a  difference 
in  a-c.  and  d-c.  spark-over  voltages.  For  a  non-symmetrical 
gap,  spark-over  at  normal  air  density  takes  place  at  the  lowest 
voltage  when  the  electrode  surrounded  by  the  denser  field  is  (-f). 
At  low  air  densities  spark-over  takes  place  when  the  electrode 
surrounded  by  the  denser  field  is  (— ). 

Insulators  spark-over  at  the  lowest  voltage  when  the  cap,  or 
electrode  surrounded  by  the  denser  field,  is  (-}-).  The(+) 
spark-over  voltage  generally  corresponds  closely  to  the  maxi- 
mum a-c.  spark-over  voltage. 

The  d-c.  spark-over  voltages  in  oil  generally  correspond  closely 
to  the  maximum  a-c.  spark-over  voltages.  In  wet  oil  the  d-c. 
spark-over  voltage  is  lower  than  the  a-c. 

The  d-c.  breakdown  voltages  of  solid  insulations,  in  good 
condition,  are  generally  higher  than  the  maximum  a-c.  voltages. 
This  is  especially  so  when  the  time  of  application  is  long  and  the 
insulation  is  thick.  The  d-c.  breakdown  voltage  on  insulations 
tested  apparently  increases  directly  with  the  thickness,  while 
the  a-c.  breakdown  voltage  increases  at  a  lesser  rate.  Lraws 
are  given. 

When  the  insulation  is  moist,  the  d-c.  and  maximum  a-c. 
breakdown  voltages  are  generally  approximately  the  same. 

It  appears  that  high-voltage  direct  current  would  be  useful 
in  certain  high- voltage  cable  testing,  etc. 


HIGH  CONTINUOUS  or  '*  direct-current  "  voltages  were 
obtained  from  the  60  cycles  alternating  by  means  of  a 
kenotron  rectifier  in  combination  with  condensers  and  inductance 
coils.^    A  sketch  of  the  connections  used  is  given  in  Fig.  1. 

1.  These  tests  were  made  with    kenotrons   loaned    by  Dr.  Dushman 
of  the  Research  Laboratory  of  the  General  Electric  Company.  ^  t 
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The  condensers  are  charged  up  to  the  maximum  of  the  alterna- 
ting voltage  wave.  They  remain  at  this  voltage  if  there  is  no 
leakage,  and  no  power  is  being  taken  at  ^ .  If  current  flows  at 
A  the  condensers  become  partly  discharged  between  the  maxi- 
mums of  two  waves  and  there  is  a  double  frequency  ripple  on 
top  of  the  *'  d-c.  "  voltage  across  A.  With  a  given  current 
taken  at  A  the  amplitude  of  this  ripple  decreases  with  increasing 
condenser  capacity  and  increasing  inductance.  With  a  given 
capacity  and  inductance  the  ripple  decreases  with  decreasing 
current  at  A,  With  a  given  condenser  and  inductance  the 
amplitude  of  the  ripple  decreases  with  increasing  supply  fre- 
quency.* The  variation  is  less  for  connection  la  than  16. 
Fig.  2  is  an  oscillogram  of  a  wave  taken  with  connection  as  shown 
in  Fig.  la  and  0.05  amperes  flowing — 60-cycle  supply.     (This 
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1 — Condenser  Capacity   =  0.064  Microfarad 


is  many  times  the  current  flowing  in  the  following  tests.)  Since 
in  the  following  tests,  the  current  flowing  up  to  breakdown  was 
practically  negligible,  there  was  no  appreciable  ripple  on  the 
voltage  wave.  Voltage  was  first  measured  with  a  static  volt- 
meter, and  by  maximum  of  the  wave  on  the  voltmeter  coil. 
When  no  power  was  taken  the  static  voltmeter  checked  with  the 
maximum  of  the  alternating  wave,  and  later,  with  sphere-gap 
measurements. 

Air 

Sphere  Gaps.  Sphere-gap  curves  were  taken  on  6.25-  and  12.5- 
cm.  spheres.  The  continuous,  or  d-c,  voltage  required  to 
spark  over  a  given  gap  was  found  to  be  V2  times  the  required 

2.  See  discussion  by  Dr.  Hull,  G.  E.  Review,  March  1916. 
The  author  wishes  to  acknowledge  indebtedness  to  Mr.  B.  L.  Stemmons 
for  his  skillful  assistance  in  making  experiments  and  calculations. 
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lFi££K] 

Fi  ..  2 — Wave  of  Rectified  Voltage  (25  kv.,  0.05  Ampere,  7-28-15). 

Note:  There  was  no  appreciable  ripple  in  voltages  iised  in  the  tests.  When  the  above 
oscillogram  was  taken  a  comparatively  large  current  was  allowed  to  flow  in  order  to  exag- 
gerate the  ripple. 
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effective  sine  wave  alternating  or  a-c.  voltage,  that  is,  the  d-c. 
spark-over  voltage  and  the  a-c.  maximum  voltage  are  equal. 
See  Fig.  3.  This  is  true  for  various  air  densities  as  shown  in 
Fig.  4.  The  d-c.  spark-over  voltage  curve  of  a  sphere  may, 
therefore,  be  calculated  from  the  formula  already  given  for 
a-c.  voltages.' 
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Fig.  3— A-C,  and  D-C.  Spark- 
over  Voltages  for  Spheres 


Where 


^xtaclRcL/ 

t 

36  - 

d 

L 

1 

r 

7 

f 

i"        ; 

t 

5                                1 

iic           -J.     . 

t  . 

u                -l 

t 

Ui.«.«.«4- 

^-^^ 

'    / 

^4^ 

A         ^                      ^            0 

«  Cj.W-.Mr_ 

7^^     - 

D-CS^-mr 

ofe^" 

0^         04         0.6        OJ 
AIROENSnY 


Fig.  4 — Spark-over  Voltages  of 
2.54  CM.  Spheres  at  Various 
Air  Densities 


.  -  --(• + m 


X  =  spacing  in  cm 

a  =     3.92  6 
273  +  < 

R  =  sphere  radius  in  cm 


/ 


-*(4-) 


b  =  barometric  pressure  in  cm. 
t  =  temperature,  deg.  cent. 


(See  reference  below.) 


3.  F.  W.  Peek,  Jr.,   The  Sphere  Gap  as  a  Means  of  Measuring  High 
Voltages.     Trans.  A.  I.  E.  E..  Vol,  XXXIII,  1914,  p.  923.  ^  . 
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This  voltage  may  also  be  found  by  multiplying  the  a.c.  effective 
voltages  given  by  the  standard  curve  by  V2. 

Needle  Gaps.     The  d-c.  needle  gap  spark-over  voltage  cor- 
responds approximately  to  the  maximum  a-c.  spark-over  voltage 

TABLE  I. 

A-c.     AND     D-C.     SPARK-OVER     VOLTAGES     OF 

2/0  NEEDLES  IN  AIR. 


Kilovolts 

KilovulU 

Spacing,  cm. 

60  cycle  (max.) 

d-c. 

5.1 

61  0 

52.0 

7.6 

62.5 

63.0 

10  2 

76.5 

73  5 

12.7 

88.3 

82.6 

15.3 

98.3 

90.5 

over  a  considerable  range.  At  the  higher  values  the  continuous 
spark-over  voltage  seems  to  be  less  than  the  maximum  alter- 
nating.    The  results  are  plotted  in  Fig.  5. 
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Fig.  5 — Spark-over  of  2/0  Needles  in  Air 


Corona.  Visual  corona  and  spark-over  tests  were  made  on 
concentric   cylinders."*     Typical   data   are   given   in   Table    II, 

4.  See  D-c.  Corona  Investigations  of  Watson,  Electrician^  London, 
1909-1910,  Journal  Inst,  of  El^c.  Eng's,  June  1910.  Also,  Farwell, 
Trans.  A.  I.  E.  E.,  Vol.   XXXIII,  1914,  p.  1631.  digitized  by  GoOgk 
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and  plotted  in  Fig.  6.  In  this  test  the  outer  cylinder  was  3.81 
cm.  in  radius.  The  polished  inner  cylinders  or  wires  and  tubes 
varied  from  0.0038  cm.  to  1.11  cm.  radii. 

TABLE  II. 
D-C.   AND   A-C.    VISUAL   CORONA   AND   SPARK-OVER   VOLTAGES 
(CoNCBNTRic  Cylinders — Normal  Air  Density  «  -  1) 


R 

Corona 

Spark-Ovbr         1 

radius 
outer 

1 

wire 

R/r 

60  cycle 

D-c. 

D-c. 

A-c. 

D-c. 

60  cy.     D-c. 

D-c. 

cylinder 

radius 

calc. 

+ 

— 

^vmax 

g9 

kv. 

+ 

— 

cm. 

cm. 

kv.(max) 

lev. 

kv. 

kv./cm 

Vv./cm 

max. 

kv. 

kv. 

3.81 

0.0038 

1000.0 

4.9 

6.4 

6.4 

186.0 

244.0 

Vibrates  be- 

3.81 

0.0129 

295.0 

8.4 

8.4 

8.3 

113.0 

113.0 

70.0 

fore  sparkover 

3.81 

0.0573 

66.5 

17.2 

17.2 

17.2 

71.5 

71.5 

40.0 

52.8 

61.0 

3.81 

0.130 

29.3 

25.2 

25.2 

25.2 

56.9 

56.9 

25.5 

48.8 

54.5 

3.81 

0.230 

16.0 

33.5 

33.8 

33.8 

51.0 

51.3 

33.9 

47.5 

52.8 

3.81 

0.635 

6.0 

48.9 

49.0 

49.0 

42.9 

43.0 

48.1 

49.5 

53.2 

3.81 

1.110          3.4'     54.7 

54.8      54.8 

40.5 

40.6 

54.5 

54.5       55.5  1 

These  data  show  that  the  maximum  a-c.  and  the  d-c.  corona 
voltages  are  practically  equal  for  wires  over  a  large  range  of 
sizes.  When  the  wire  is  positive  the  visual  corona  point  is 
quite  sharp  and  definite;  when  the  wire  is  negative  the 
slightest  irregularity  causes  brush  discharges  at  fairly  low 
voltages.      The   percent  difference  between  the  positive  and 
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Fig.  6 — A-C.  and  D-C.  Corona  and  Spark-over  for  Various  Sizes  of 
Wire    (Concentric   Cylinders   at   Normal   Air   Density). 

negative  glow  point  cannot  be  great.  Since  this  point  is  in- 
definite on  the  negative,  the  recorded  value  will  depend  to  some 
extent  on  whether  the  observer  considers  the  first  brushes  or 
the  complete  glow  as  the  visual  point.     Even  on  apparently 


highly  polished  wires,  when  negative,    the  voltage  for  complete 
glow  is  generally  several  per  cent  higher  than  for  local  brushes 
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The  negative  glow  voltage  will  thus  generally  be  read  higher 
than  the  positive  glow  voltage.     The  spark-over  voltages  are 

equal  when  —  <  €  or  where  corona  does  not  precede  spark- 

TABLE  III. 
D-C.    AND   A-C.    VISUAL    CORONA    VOLTAGES 
(Concentric  Cylinders  at  Various  Air  Densities) 


A-c. 

D-c. 

D-c. 

A-c.  calc. 

D-c. 

D-c. 

calc. 

Cv 

Kv 

R 

f 

R/r 

a 

60  cy. 

+ 

— 

«» 

+ 

— 

kv(max.) 

kv. 

kv. 

kv/cin. 
(raaxO 

kv/cm. 

kv/cm. 

2.90 

0.0673 

50.6 

0.995 

15.8 

15.8 

15.8 

70.5 

2.90 

0.0573 

50.5 

0.838 

14.2 

H.2 

14.2 

63.2 

2.90 

0.0673 

50.5 

0.770 

13.2 

13.6 

13.2 

58.6 

60.0 

58.6 

2.90 

0.0573 

50.5 

0.720 

12.6 

12.7 

12.4 

56.0 

56.5 

55.2 

2.90 

0.0673 

60.5 

0.622 

10.3 

10.3 

10.0 

46.9 

45.9 

44.5 

2.90 

0.0673 

50.5 

0.363 

7.9 

8.1 

7.8 

35.1 

36.0 

34.7 

2.90 

0.0673 

50.6 

0.214 

5.7 

5.8 

5.6 

26.3 

26.8 

24.9 

over.  Where  corona  precedes  sparkover  the  d-c.  voltage  is 
higher  than  the  a-c.  The  d-c.  spark-over  voltage  is  higher 
when  the  wire  or  conductor  of  the  greatest  field  intensity  is  ( — ) . 
This  is  shown  in  Fig.  6. 

TABLE  IV. 
D-c.  AND  A-C.  VISUAL  CORONA  VOLTAGES. 
(Concentric  Cylinders  at  Various  Air  Densities.) 


R 

A-c. 

A-c. 

D^. 

D-c. 

radius 

r 

calc. 

calc. 

outer 

radius 

Rlr 

h 

D-c 

D-c. 

Cv 

U 

cylinder 

wire 

60  cy. 

+ 

- 

Iv 

+ 

— 

cm. 

cm. 

kv(niax.) 

kv. 

kv. 

(max.) 

kv/cm. 

kv/cm. 

2.90 

0.239 

12.1 

1.00 

30.0 

30.0 

30.0 

50.6 

60.5 

50.5 

2.90 

0.239 

12.1 

0.916 

28.0 

27.8 

27.8 

47.0 

46.8 

46.8 

2.90 

0.239 

12.1 

0.857 

26.3 

26.2 

44.2 

44.0 

2.90 

0.239 

12.1 

0.824 

25.7 

25.5 

43.3 

42.9 

2.90 

0.239 

12.1 

0.797 

25.1 

25.1 

42.2 

.... 

42.2 

2.90 

0.239 

12.1 

0.720 

23.1 

23.1 

38.8 

38.8 

2.90 

0.239 

12.1 

0.680 

22.1 

22.1 

37.1 

37.1 

2.90 

0.239 

12.1 

0.550 

19.1 

19.2 

19.3 

32.1 

32.2 

32.4 

2.90 

0.239 

12.1 

0.436 

15.7 

15.7 

16.0 

26.4 

26.4 

26.9 

2.90 

0.239 

12.1 

0.367 

13.6 

13.5 

22.7 

22.7 

2.90 

0.239 

12.1 

0.260 

10.7. 

10.9 

11.6 

18.0 

18.4 

19.5 

2.90 

0.239 

12.1 

0.082 

4.8 

4.4 

4.6 

8.07 

7.4 

7.75 

Rffeci  of  Air  Density  on  Corona  and  Spark-over  of  Wires,  The 
visual  corona  and  spark-over  voltages  were  measured  for  con- 
centric cylinders  at  various  air  densities.  An  outer  cylinder  of 
glass  coated  with  the  f o^'l  was  used  for  these  tests.  The  air  was 
exhausted  and  the  corona  and  spark-over  voltages  measured 
at  different  air  pressures.  The  apparatus  was  the  same  as 
that   used  in   a-c.   tests   and  already  described^.     The  results 

5.  F.  W.  Peek,  Jr.,  Law  of  Corona,  A.  I.  E.  E.  Trans.,  1912,  1913. 
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are  given  in  Tables  III,  IV  and  V,  and  plotted  in  Pigs.  7  and  8. 
The  data  in  Tables  III  and  IV  show  that  the  maximiim  a-c. 
and  the  d-c.  visual  corona  voltages  correspond  down  to  5  =f  0.3. 
The  difference  is  not  great  even  at  5  =  0.08.  The  difference  at 
the  lower  values  of  d  may  be  due  to  the  difficulty  in  determining 
the  exact  starting  point  in  these  cases. 

TABLE  v. 
D-c.  AND  A-C.  SPARK-OVER  VOLTAGES. 
(Concentric  Cylinders  at  Various  Air  Densities.) 


R 

r 

radius  outer 

radius 

60  cy.  kv. 

D-c. 

D-c. 

cylinder 

wire 

R^r 

« 

max. 

+ 

— 

cm. 

cm. 

kv. 

kv. 

2.90 

0.239 

12.1 

0.075 

4.2 

4.8 

4.6 

2.90 

0.239 

12.1 

0.250 

10.6 

11.1 

10.8 

2.90 

0.239 

12.1 

0.354 

12.5 

14.2 

14.4 

2.90 

0.236 

12.1 

0.477 

16.8 

17.2 

18.3 

2.90 

0.239 

12.1 

0.660 

21.6 

22.0 

23.5 

2.90 

0.236 

12.1 

0.760 

24.2 

24.5 

26.3 

2.90 

0.239 

12.1 

0.890 

27  2 

27.2 

30.0 

2.90 

0  239 

12.1 

1.000 

[       30.1 

30.5 

3.7 

Sec  corona  data  on  this  cylinder — Table  IV. 

Spark-over  data  are  given  in  Table  V  for  a  0.239-cm.  wire. 
At  the  higher  values  of  5  the  positive  spark-over  voltage  is  lower 

than  the  negative  and  closely 
follows  the  maximum  a-c.  The 
positive  seems  to  be  slightly 
higher  than  the  negative  for 
very  low  values  of  5, 
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Fig.  7 — Variation  of  A-C.  and 
D-C.  Visual  Corona  Voltages 
WITH  Air  Density 


Fig.  8 — D-C.  Spark-over  of 
Concentric  Cylinders  at  Va- 
rious Air  Densities 


These  tests  show  that  the  formula  already  given  for  a-c. 
corona  may  also  be  used  for  d-c.  corona  over  a  wide  range  of 
wire  diameter,  air  density,  etc.*     The  d-c.  corona  voltage  is 

6.  F.  W.  Peek,  Jr.,  Law  of  Corona  and  Dielectric  Strength  of  Air.     A^I 
E.  E.  Trans.,  1911.  1912.  Digitized  by 


Google 
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practically  equal  to  the  maximum  a-c.   corona  voltage  over  a 
large  range  of  conductor  diameters. 

The  d-c.  visual  corona  voltage  in  kilovolts  is 


€v  =  gvf  log,  wire  in  a  cylinder 


^v  =  2gpr  log,    parallel  wires 


Where 


gv  =  goi  (l  +    ^^  J  kv.  per 


cm. 


where      go  =  31  (concentric  cylinders) 
go  =  30  (parallel  wires) 

3.92  b  b  =  barometric  pressure  cm. 


S  = 


273  +  t 


t  =  degrees  centigrade. 


Surface  Spark-over  of  Insulators.  Spark-over  tests  were  made 
on  several  standard  insulators  shown  in  Fig.  9.  The  results  are 
given  in  Table  VI.  The  spark-over  voltage  is  highest  when 
the  cap  or  electrode  around  which  the  field  intensity  is  highest 
is  (— ).  This  checks  with  the  impulse  tests.^  When  the  cap  is 
(+)  the  d-c.  spark-over  voltage  generally  very  nearly  coincides 
with  the  maximum  a-c.  spark-over. 

TABLE  VI. 
SURFACE  SPARK-OVER  OP  SUSPENSION  INSULATORS. 


Insulator 
nnmber 

60  cycle 
kv.  (max.) 

D-c.  kv. 

cap  -1- 

cap  - 

1 
2 
3 
4 
5 

116.0 
09.0 
126.0 
111.5 
119.0 

117.6 
99.0 
132.0 
128.0 
128.0 

127.5 
106.0 
139.0 
136.0 
135.0 

Oil 
The  *'  corona  "  and  spark-over  characteristics  of  oil  are  very 
similar  to  those  of  air.     Practically  the  same  laws  are  followed 

7.  F.   W.    Peek,  Jr.,    The  Effect  of  Transient    Voltages  on   Dielectrics, 
A.  I.  E.  E.  Trans.,  Vol.  XXXIV,  1915. 
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for  a-c.  voltages  in  both  oil  and  air.*    This  apparently  also  holds 
for  d-c. 

Needle  gap  spark-over  voltages  for  oil  are  given  in  Table  VII 

TABLE  VII. 

D-c.  AND  A.C  SPARK-OVER  TESTS  ON  2/0  NEEDLES  IN  NO.  8 

TRANSIL  OIL  AT  26  DEG.  CENT. 


Needle  gap 

60  cycle 

D-c. 

cm. 

kv.  (max.) 

kv.  (max.) 

0.317 

21.2 

21.7 

0.635 

34.7 

33.6 

1.27 

50.6 

50.2 

1.91 

66.0 

66.0 

2.54 

86.5 

82.6 

and  plotted  in  Fig.  10.     The  d-c.  voltages  correspond  to  the  a-c 
maximum. 

The  effect  of  moisture  on  the  strength  of  oil  for  a-c.  and  d-c 
voltages  is  given  in  Table  VIII  and  Fig.  11. 
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Pig,  10 — A-C.  and  D-C.  Spark-over  Voltages  of  2/0  Needles  in  No. 
8  Transil  Oil  at  25  Deg.  Cent. 

When  the  oil  is  wet  the  d-c.  breakdown  voltage  is  lower  than 
the  a-c.  breakdown  voltage.  This  is  probably  due  to  lining  up 
of  water  particles  under  direct  current. 

8.  F.  W.  Peek,  Jr.,  Law  of  Corona  and  Spark-over  in  Oil.  G.  E,  Review, 
August,  1916,  also  Dielectric  Phenomena  in  High- Voltage  Engineering. 
Chap.  IV.  Digitized  by  GoOgk 
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Solid  Insulations 
In  air  and  in  oil  there  is  no  appreciable  loss  until  local  break- 
down occurs  in  the  form  of  corona  or  brushes.     In  solid  insula- 
tions loss  starts  as  soon  as  voltage  is  applied  and  generally  in- 


TABLE  VIIL 
EFFECT   OF    MOISTURE    ON    THE    DISRUPTION    OF    NO.    8    TRANSIL    OIL 
AT  25  DEO.  CENT. 
(Bbtwbbn  L27  CM.  Diameter  Disks  at  0.5-cm.  Spacing.) 


Parts  water 

60  cycle  kv. 

added  in  10.000 

(max.) 

D-c.  kv. 

0 

62.3 

61.5 

0.5 

33.5 

34.7 

1.0 

33.4 

34.3 

2.0 

31.7 

30.2 

5.0 

27.3 

24.7 

10.0 

25.4 

23.0 

' 

creases  as  the  square  of  the  voltage.  The  heating  which  results 
increases  the  loss  and  weakens  the  insulation.  Practically  all 
solid  insulations  absorb  moisture.  The  interstices  in  the  non- 
homogeneous  structure  become  filled  with  moisture  and  gases. 
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WATER  PARTS  IN  10.000 

-Effect  of   Moisture  on  Disruptive  Strength  of  No.  8 
Transil  Oil  At  25  Dec.  Cent. 


This  makes,  in  effect,  not  only  a  complicated  arrangement  of 
resistances,  but  also  of  resistances  and  capacities  in  series  through- 
out the  material.  Where  the  conducting  paths  extend  through 
from  terminal  to  terminal,  either  alternating  or  direct  current 
can  flow.     But  where  the  conducting  paths  extend  partly  through 
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the  structure  they  are,  in  effect,  resistances  in  series  with  capac- 
ities; only  alternating  current  can  flow  through  these  paths. 
The  effective  resistances  as  measured  by  alternating  current  and 
by  direct  current  are  quite  different  except  in  those  solid  insula- 
tions in  which  the  "  conducting  "  paths  are  arranged  from  ter- 

TABLE  IX. 
VARIATION  OF  60-CYCLB  PUNCTURE  VOLTAGE  WITH  TIME  OF  APPLICA- 
TION ON  VARNISHED  CAMBRIC. 
Tbsts  Between  2.5-in.  Plates.  1}-in.  Radius  Edge,  in  No.  6  Transil  Oil. 


Temperature 

Sheets 

Thickness 

kv. 

Time 

deg.  cent. 

in. 

mm. 

(max.) 

sec. 

25 

1 

0.30 

24.8 

2.3 

(12  mils) 

21.3 
19.5 
17.7 
16.9 
14.2 

12.0 

17.3 

41.5 

198.0 

900.0 

100 

1 

0.30 

14.5 
13.2 
12.6 
12.0 
10.8 
9.9 

2.0 

7.0 

11.0 

26.0 

620.0 

1400.0 

25 

2 

0.60 

29.8 
26.7 
26.6 

213.0 

700.0 

1418.0 

25 

3 

0.90 

63.0 
45.2 
42.5 
41.7 
38.9 
37.1 

8.0 

51.6 

80.0 

138.0 

370.0 

905.0 

26 

4 

1.20 

69.3 
65.0 
64.3 
65.8 
63.0 
50.8 
47  3 

4.0 
13.0 
16.0 
39.0 
80.0 
155.0 
580.0 

minal  to  terminal.  The  voltage  distribution,  heating,  etc., 
will  generally  not  be  the  same  for  a-c.  and  d-c.  voltages.  In  the 
homogeneous  materials,  air  and  oil,  d-c.  breakdown  voltages 
correspond  to  the  maximum  60-cycle  a-c.  breakdown  voltages. 
In  most  solid  insulations  relatively  higher  d-c.  values  shoul(i<-t)e 


;s  snouia<-oe         t 
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expected,  especially  in  insulations  where  the  a-c.  and  d-c.  **  re- 
sistances "  are  decidedly  different. 

Varnished  Cambric.  Because  of  the  effects  of  heating  due  to 
losses,  voltage-time  curves  are  necessary  in  order  to  compare  the 
strengths  of  solid  insulations.     A-c.  and  d-c.  voltage-time  curves 

TABLB  X. 

VARIATION  OF  D-C.  PUNCTURE  VOLTAGE  WITH  TIME  OF  APPLICATION 

ON     VARNISHED     CAMBRIC. 

Tbsts  Between  2.5-in  Plates.  1  ^-in.  Radius  Edge,  in  No.  6  Transil  Oil. 


Temperature 

Sheet 

Thickness 

lev. 

Time 

det;.  cent. 

in. 

mm. 

(max.) 

sec. 

25 

1 

0.30 

28.8 
27.2 
25.5 
23.8 
22.1 
20.4 
18.8 

8.3 

20.0 

54.0 

94.0 

363.0 

668.0 

5400.0 

100 

1 

0.30 

21.0 
20.3 
19.6 
18.6 
17.0 
15.9 
15.2 

1.5 

2.0 

38.0 

72.0 

600.0 

470.0 

1920.0 

25 

2 

0.00 

52.5 
50.0 
47.0 

26.0 

60.0 

230.0 

25 

3 

0.90 

80.3 
77.5 
77.2 
75  5 

68  0 

130.0 

350.0 

1400.0 

25 

4 

1.20 

127.2 
120.0 
115.2 
110.0 
107.5 
105.0 
104.6 

7.0 
16.0 
45.0 
100  0 
185.0 
330.0 
730.0 

were  taken  on  varnished  cambric.  The  insulation  under  test 
was  placed  in  transil  oil  between  5-cm.  diameter  brass  plates 
with  rounded  edges.  A  given  voltage  was  applied  and  time  noted 
until  breakdown  occurred.  The  break-down  voltages  for  vari- 
ous  thicknesses  of   varnished   cambric  in  the   approximately 
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uniform  field  between  parallel  plates  is  given  in  Tables  IX  and 
X  and  plotted  in  Figs.  12  and  13. 

Pig.  12  shows  that  the  d-c.  puncture  voltage  for  a  given  thick- 
ness of  cambric  and  for  a  given  time  of  application  is  higher  than 
the  maximum  a-c.  puncture  voltage.  Fig.  13  shows  that  both 
the  a-c.  and  d-c.   puncture  voltages  decrease  with  increasing 

temperature.  (The  tempera- 
ture referred  to  is  that  of  the 
oil  bath  in  which  the  insula- 
tion is  immersed.) 


4  ■  TnJd  W  -  irm}v^J^  -\ ^  K^"^ 


"^A^\ i_ .  1   jj^^ 


800       1000 
TIME  M  SeCONOS 

Fig.  12 — Variation  of  D-C.  and 
A-C.  Puncture  Voltages  with 
Time  of  Application — Varnished 
Cambric 


sen     tOd     looa 
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Fig.  13 — Effect  of  Tempera- 
ture ON  THE  A-C.  AND  D-C.  DIS- 
RUPTIVE Strength  of  Varnished 
Cambric 


The  curves  between  puncture  voltage  and  time  are  closely 
approximated  by  the  equation* 

e  =  eo  (l  +  -J7=^)     kilovolts 


or  the  unit  strength  by 


=  ^0  (l  +  -^     kv.  per  mm. 


Where 


e  =  puncture  voltage  in  time  T,  kilovolts  (max.) 
T  =  time  in  seconds. 
Cq  =  puncture  voltage  for  T  =   <» ,  kv.  (max.) 

g  =  breakdown  gradient  in  time  T,  kv.  per  mm. 
go  =  breakdown  gradient  in  T  =   <» ,  kv.  per  mm. 
a   =  constant  depending  upon  the  kind  and  thickness 
of  the  insulation  and  the  frequency. 

9.  F.  W.  Peek,  Jr.,  Electrical  Characteristics  o]  Solid  Insulation,  G.  E. 
Review,  November,  1916.  Also  Dielectric  Phenomena  in  High-Voltage 
Engineering.  Chap.  VII.  Digitized  by  GoOgle 
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This  equation  seems  to  hold  well  for  a  range  of  time  between 
r  =  1  and  r  =   «> .     The  breakdown  voltage  is  plotted  with 

-^=  in   Fig.   14.     The    result    is  a  straight  line  from  which 

the  above  relation  is  obtained. 

In  Fig.  15  the  a-c.  and  d-c.  breakdown  voltages  of  varnished 


TABLE  XI. 

A-c.    AND    D-C.    PUNCTURE    VOLTAGES   OP   VARNISHED    CAMBRIC   FOR 

VARIOUS  THICKNESSES  AND  TIME  OF  APPLICATION 


Time  of  application,  seconds 


100 


50 


10 


Sheets 


Thickness 

mm. 

0.30 

a-c. 

0.30  d-c. 

O.GO 

a-c. 

0.60 

d-c. 

0.90 

a-c. 

0.90 

d-c. 

1.20 

a-c. 

1.20  d-c. 

Kilovolts  to  puncture 
(max.) 


11.0 
18.0 


20.0 
43.0 


30.0 
70.0 


37.0 
96.0 


16.5 

17.5 

20.5 

23.6 

24.5 

27.5 

31.0 

33.0 

30.0 

49.5 

51.0 

55.5 

42.0 

45.0 

52.0 

79.0 

81.0 

86.0 

52.0 

55.0 

64.0 

111.0 

114.0 

123.0 

25.5 
32.5 


47.0 
62.5 


62.0 
95.0 


78.0 
137.0 


Gradient  kv.  per  mm.  (max.) 


0.30  a-c. 
0.30  d-c. 


0.60  a-c. 
0.60  d-c. 


0.90  a-c. 
0.90  d-c. 


1.20  a-c. 
1.20  d.c. 


36.6 

55.0 

58.5 

68.5 

60.0 

75.0 

82.0 

92.0 

33.3 

51.5 

55.0 

65.0 

72.0 

82.0 

85.0 

92.0 

33.3 

46.5 

50.0 

57.9 

77.5 

87.5 

90.0 

95.5 

30.9 

43.3 

45.8 

53.2 

80.0 

92.5 

95.0 

102.0 

85.0 
108.0 


78.0 
104.0 


69.0 
105.0 


65.0 
106.0 


cambric  for  the  time,  T  =  <» ,  are  plotted  with  thickness.  As 
r  =  «>,  this  is  the  highest  voltage  that  the  insulation  will 
withstand  indefinitely  without  puncture.  For  this  material, 
at  thicknesses  from  0.3  mm.  to  1.2  mm.,  the  puncture  voltage  in- 
creases directly  with  the  thickness,  that  is,  the  d-c.  unit  break- 
down strength  or  gradient  is  constant.     The  unit  strength  of 
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solid  insulations  under  a-c.  voltages  decreases  with  increasing 
thickness.     For  a-c.  voltages^® 


or 


For  d-c.  voltages  apparently 

g  =  go 


^ 

-n 

1 — 1 

r- 

i  ^^ 

f— 

■^ 

PT7I1 

i> 

a^ 

l\ 

4^1 

^ 

»s 

^^ 

•• 

M(l 

*«v 

J' 

' 

'^ 

^ 

^ 

■^ 

^ 

-^ 

•0 

< 

< 

■c 

i«SI 

"*1 

r* 

^ 

^ 

1 

^ 

r 

^ 

r* 

0 

J 

-J 

1 

0         0.2        04        0.6         OJ         IX) 

Fig.  14 — Variation  of  A-C.  and  D-C.  Puncture  Voltages  with  Time 

4  sheets  (1.20  mm.)     Varnished  cambric  voltage  plotted  with  1  /v^. 

where 

e  =  breakdown  voltages  of  thickness  t. 
t  =  thickness  in  mm. 

g  =  unit  strength  for  thickness  /,  in  kv.  per  mm. 
^0  =  constant 

a    =  constant  depending  upon  the  kind  of  insulation, 
time  and  frequency. 

The  curves  in  Fig.  16  correspond  to  those  in  Fig.  15  for  T  =  2 
seconds. 

It  can  be  seen  from  the  above  relations  that  the  ratio  between 
the  d-c.  and  a-c.  puncture  voltages  for  solid  insulations  cannot 

10.  F.  W.  Peek,  Jr.,  Electrical  Characteristics  of  Solid  Insulation^  G.  E. 
Review^  November  1915.  Also  Dielectric  Phenomena  in  High-Voltage 
Engineering.  ^^  ^  ^  ^T  ^ 
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be  constant  but  must  increase  with  increasing  thickness  of  insu- 
lation, especially  where  the  time  of  application  is  long.  This  is 
shown  graphically  in  the  ratio  curves  in  Figs.  15  and  16.  Thus, 
in  Fig.  16,  where  the  time  is  two  seconds,  or  relatively  short,  the 
d-c.  puncture  voltage  ver>''  nearly  corresponds  to  the  a-c.  maxi- 
mum puncture  voltage  where  the  thickness  is  not  great.  In 
Fig.  15,  where  the  time  is  a  maximum,  the  d-c.  puncture  voltage 
is  2.5  times  the  a-c.  maximum  puncture  voltage  or  3.5  times  the 
a-c.  effective  voltage  for  a  thickness  of  1.2  mm. 

Some  of  the  d-c.  puncture  values  (Tables  X  and  XI)  for  single 
sheets  of  cambric  apparently  have  a  lower  unit  strength  than  a 


020        0.40       0.60        0.80       1.00       1.20       140 
THICKNeSS  IN  MMS 

Fig.  15 — Variation  of  A-C. 
AND  D-C.  Breakdown  Voltage 
WITH  Constant  Time 


0.20       040      0£0       0.80       IJOO       1.20 
THICKNESS  IN  MM& 

Fig.  16 — Variation  of  A-C. 
AND  D-C.  Breakdown  Voltage 
WITH  Constant  Time 


greater  number  of  sheets.  This  is  undoubtedly  due  to  a  greater 
probability  of  weak  spots  on  a  single  sheet.  Results  of  the  same 
consistency  cannot  be  expected  or  obtained  on  solid  insulations 
as  on  gaseous  and  liquid  insulations. 

The  thickness  range  of  the  insulation  in  the  above  tests  was 
not  great;  it  was  limited  by  the  available  voltage  (150  kv.  direct 
current) .  It  is  possible  that  the  d-c.  unit  strength  will  not  remain 
approximately  constant  over  a  wide  range. 

Wet  Insulations,  Some  2.4-mm.  (3/32-in.)  treated  press- 
board  was  soaked  in  water  and  then  partly  dried  out.  A-c.  and 
d-c.  tests  were  made  on  this  poor  insulation.  The  results  are 
given  in  Table  XII.  r^  T 
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5  kv.  was  thrown  on  the  insulation,  after  the  first  minute 
the  voltacje  was  increased  to  7.5,  then  to  10,  etc.,  until  breakdown 
occurred.  If  breakdown  occurred  before  the  end  of  the  minute 
the  time  was  recorded  in  seconds.  For  example,  in  the  first  a-c. 
test,  insulation  No.  6  withstood  the  voltage  for  60  seconds  at  5.0 
kv.,  60  seconds  at  7.5  kv.  and  5  seconds  at  10  kv.  when  breakdown 
occurred.  It  will  be  not^d  that  the  d-c.  and  a-c.  maximum  break- 
down voltages  average  about  the  same  in  this  insulation,  which 

TABLE  XII. 

A-c.  AND  D-C.  TESTS  ON  WET  INSULATIONS 

0.24-CM  (3/32-in.)     Vacuum  Treated  Pressboard. 

(Soaked   in   water  and   partly  dried.) 


Ins.           Megohms 
test                 res. 
no. 

5.0 

7.5 

Kilovolts  max.) 
10.0       12.6       15.0 

17.5 

20.0       225 

TIME  (Figures  show  time  in  seconds  at 

various 

voltages.) 

6             (120) 

a-c. 
d-c. 

/60 
\60 

/(JO 
\60 

00 
60 

60 
60 

5 
50 

12 
20 

9  (300  .  1500) 

a-c. 
d-c. 

feo 

\60 

feo 

60 
60 

60. 
60 

60 
60 

40 
38 

60 
17 

2 

4  (1000  -  a) 

a-c. 

feo 

\60 

60 
60 

50 
50 

d-c. 

(60 

60 
60 

60 
30 

60 

17 

5  (2000  +  ) 

a-c. 

/60 
\60 

60 
60 

60 
60 

60 
60 

60 
60 

60 
60 

60           10 
30 

d-c. 

60 
\60 

60 
60 

60 
60 

60 
60 

60 
0 

0 

was  conducting;  from  terminal  to  terminal.  In  some  of  the  tests, 
in  fact,  breakdown  takes  place  at  a  lower  voltage  on  direct 
current  than  alternating  current.  This  is,  perhaps,  due  to 
a  better  lining  up  of  moisture  by  direct  current.  Some  of  this 
insidation,  dry  and  in  perfectly  good  condition,  was  then  tested 
in  the  same  way.  Starting  at  5  kv.  the  voltage  was  Increased 
every  60  seconds  in  2.5-kv.  steps  until  breakdown  occurred; 
breakdown  resulted  on  alternating- current  when  70  kv.  (max.) 
was  reached;  on  direc -current  when  130  kv.  was  reached. 
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Similar  tests  were  made  on  sections  of  paper-ins\ilated  cables 
that  had  absorbed  var3ring  amounts  of  moisture.  In  those 
sections  in  the  worst  condition  as  indicated  by  low  puncture 
voltages,  the  d-c.  and  a-c.  maximum  puncture  voltages  averaged 
about  the  same.  In  the  sections  in  the  best  condition  the  d-c. 
puncture  voltage  was  somewhat  higher  than  the  maximum  a-c. 
voltage. 

There  is  considerable  difficulty  in  practise  in  making  a-c. 
voltage  tests  on"  long  lengths  of  cables,  due  to  the  size  of  the 
apparatus,  which  is  necessarily  large  on  account  of  charging 
current.  The  necessary  kilovolt-amperes  often  amount  to 
several  hundred.  The  wave  shape  is  often  distorted  by  the 
leading  current,  the  apparatus  is  difficult  to  move  about  etc. 
D-c.  tests  would. eliminate  these  difficulties,  as  very  small  appara- 
tus would  be  required,  providing  such  tests  wotdd  detect  fatdty 
sections,  etc.  It  cannot  be  said  that  a  given  d-c.  voltage  is 
equivalent  to  a  given  a-c.  voltage.  The  above  tests  indicate, 
however,  that  faulty  sections  of  cable  could  be  as  equally  well 
located  by  d-c.  tests  as  by  a-c.  tests.  In  cases  of  cracks,  etc. 
the  air-  or  compound-filled  space  would  be  broken  down  at  the 
same  maximum  voltage  on  direct  current  or  alternating  current. 
In  case  of  a  fault  due  to  moisture  the  breakdown  would  appar- 
ently take  place  at  about  the  some  voltage,  alternating  current  or 
direct  current.  In  the  case  of  a  cable  in  good  condition  there 
would  be  much  less  likelihood  of  injury  by  direct  current  than 
by  alternating  current  of  the  same  maximum  voltage.  A  d-c. 
voltage  equal  to  the  maximum  of  the  a-c.  test  voltage  would, 
therefore,  seem  suitable  for  such  tests. 
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Discussion  on  **The  Effect  of  High  Continuous  Voltages 
ON  Air,  Oil  and  Solid  Insulations"  (Peek),  Cleveland, 
Ohio,  June  29,  1916. 

John  B.  Whitehead:  We  have  again  to  acknowledge  our 
debt  to  Mr.  Peek  for  a  most  valuable  contribution  to  our  knowl- 
edge of  the  electric  strength  of  air,  and  now  also  that  of  liquid 
and  solid  insulation. 

Referring  to  Mr.  Peek's  observations  on  the  comparison  of 
alternating  and  continuous  voltage  at  which  corona  appears^ 
I  have  recently  been  conducting,  in  conjunction  with  Mr.  W.  S. 
Brown,  a  series  of  similar  experiments.  The  results  of  these 
experiments  show  some  variation  from  those  obtained  by  Mr. 
Peek. 

The  expressions  for  the  critical  corona  voltage  in  terms  of 
the  diameter  of  the  conductor,  as  given  by  Mr.  Peek 
and  as  given  in  my  several  papers  on  **The  Electric  Strength 
of  Air, ' '  diflfer  somewhat  but  not  widely.  Experiments  by  Farwell 
and  others  on  corona  forming  continuous  potentials  differ  as 
between  positive  and  negative  potentials,  and  reveal  some 
question  as  to  whether  there  is  any  agreement  between  alter- 
nating and  continuous  corona  potentials.  In  view  of  these  dif- 
ferences our  experiments  have  aimed  to  take  alternating  and 
continuous  observations  on  the  same  apparatus,  under  the  same 
conditions  and  with  the  electroscope  and  such  other  precautions 
as  to  measurement  as  would  insure  accurate  results.  The  method 
used  for  obtaining  d-c.  potential  is  the  same  as  that  shown  by 
Mr.  Peek  in  the  lower  half  of  Fig.  1.  That  is,  we  have 
used  a  kenotron  with  one  side  of  the  circuit  grounded.  Our 
experiments  have  differed,  however,  in  the  method  of  measuring 
the  continuous  voltage.  For  this  we  have  used  a  standard 
d-c.  Weston  voltmeter,  with  series-connected,  non-inductive 
resistance  aggregating  a  million  and  a  half  ohms.  Mr.  Peek, 
apparently  has  depended  on  the  ratio  of  transformation  of  his 
high-tension  transformer  as  an  indication  of  his  d-c.  voltage. 
For  our  alternating  voltages  we  have  used  the  ratio  of  trans- 
formation of  the  transformer  together  with  careful  oscillo- 
grams on  the  low-tension  side  for  determining  the  maximum 
values. 

Our  results  show  a  marked  difference  between  positive  and 
negative  corona  voltages  for  a  range  of  wires  between  0.07  and 
0.23  cm.  diameter.  When  the  wire  is  negative  the  corona  forming 
voltage  within  this  range  varies  from  6  per  cent  to  about  2^ 
per  cent  higher  than  positive.  Mr.  Peek  states,  as  shown  by 
Table  II  that  within  the  corresponding  range  and  in- 
deed throughout  the  entire  range  of  his  observations,  there  is 
no  difference  between  positive  and  negative  corona  forming 
voltage. 

Mr.  Peek,  as  usual,  has  contributed  a  most  interesting  paper. 
In  my  opinion  the  value  of  it  would  be  greatly  enhanced  if  it 
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contained  a  better  description  as  to  the  conditions  of  accuracy 
under  which  the  observations  were  taken.  For  example,  a  static 
voltmeter  seems  to  have  been  relied  on  for  the  continuous 
voltage  measurements.  My  experience  with  this  type  of  instru- 
ment leads  me  to  feel  that  it  is  far  from  accurate.  One  would 
also  like  to  know  the  general  conditions  under  which  the  maxi- 
mum value  of  the  alternating  voltage  was  determined  on  the 
low  voltage  side  and  how  often  throughout  the  range  of  voltage 
used.  No  statement  is  made  as  to  how  closely  any  of  the  obser- 
vations may  be  repeated.  In  connection  with  the  puncture 
tests  on  solid  insulation  it  would  be  particularly  interesting  if 
Mr.  Peek  has  been  able  to  secure  uniform  results  with  repeated 
observations  of  the  puncture  tests  on  single  sheets  of  material. 

One  must  always  envy  the  exceptional  facilities  which  Mr. 
Peek  is  able  to  bring  to  bear  on  his  experimental  problems. 
A  uniform  source  of  continuous  potential  up  to  150  kv.  offers 
promise  of  many  valuable  observations. 

William  Baum:  Whenever  the  subject  of  high  continuous 
voltages  has  come  up  in  the  past  in  the  engineering  societies 
it  was  admitted  with  regret  that  we  had  no  definite  data  on  d-c. 
corona  and  puncture  voltages.  We  know  now  with  certainty 
that  the  d-c,  puncture  voltage  is  2.5  times  the  a-c.  maximum 
puncture  voltage,  or  3.5  times  the  a-c.  effective  voltages  for 
an  insulation  thickness  of  1.2  mm.  where  the  time  of  test  is  a 
maximum. 

This  brings  back  to  my  mind  the  old  claim  of  Mr.  Thury 
and  his  followers  that  an  effective  alternating  pressure  of  10,000 
volts  imposes  on  insulation  a  stress  of  the  same  order  of  magni- 
tude as  a  d-c.  pressure  of  25,000  volts. 

It  appears  now  that  Mr.  Thury  was  right  when  he  claimed 
that  d-c.  cables  require  less  insulation  than  a-c.  cables  designed 
for  the  same  voltage,  so  that  if  d-c.  voltage  has  advantage  of 
lower  disruptive  effects,  as  Mr.  Peek  has  shown  for  normal 
operating  conditions,  this  would  make  the  application  of  high- 
tension  d-c.  current  for  transmission  purposes  more  favorable. 
Indeed  the  Thury  system,  although  it  has  met  with  some 
criticism  in  this  country,  has  further  advantages  which,  I  believe, 
have  never  been  pointed  out  sufficiently  until  the  present  time. 

Without  wanting  to  go  into  the  details  of  the  high-tension 
d-c.  system  for  transmission,  I  take  this  opportunity  of  calling 
attention  to  the  multi-circuit  feature  which  makes  a  constant 
d-c.  system  especially  efficient  for  inter-connecting  a  number  of 
stations,  systems  or  net-works  for  the  transfer  of  power.  One 
of  the  most  important  applications  would  be  that  to  long  dis- 
tance railroading,  as  transcontinental  lines,  by  inter-connecting 
by  such  a  series  system  the  substations  of  the  railroad,  and  all 
available  sources  of  power  near  the  railroad. 

Mr.  Peek  has  suggested  the  testing  of  cables  by  direct  current, 
and  I  agree  with  him  that  faults  in  cables  installed  could  be 
found  just  as  easy  or  easier  with  direct  current  than  with  alter- 
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nating  current.  Anybody  who  has  had  to  do  with  cable  testing 
in  installations  appreciates  the  independence  of  the  source  of 
electric  power  which  would  exist  if  we  could  make  use  of  the 
kenotron  rectifier  described  in  the  paper  in  connection  with  a 
small  transportable  gasoline-electric  set,  or  similar  high-tension 
direct-current  rectifiers  which  have  been  in  use  abroad  for  a 
number  of  years,  and  which  are  known  as  the  Geoflfroy  &  Delore 
and  Delon  apparatus.  In  fact,  the  Siemens- Schuckert  works 
have  made  puncture  tests  with  their  Delon  rectifier  which  check 
very  close  with  Mr.  Peek's  own  exhaustive  and  defined  experi- 
ments. 

I  believe  that  Mr.  Peek  should  continue  his  investigations 
and  extend  them  over  long  lines  of  cables  which  have  been 
installed,  so  that  no  doubt  may  arise  in  the  minds  of  those  who 
question  the  applicability  of  high-tension  direct  current;  for 
testing  purposes  and  transmission  systems. 

Stanley  Farwell:  I  can  remember  when  I  was  working  on 
corona  that  I  went  to  Mr.  Peek's  papers  and  Dr.  Whitehead's 
papers  and  used  them  more  or  less  as  text-books.  My  work  has 
been  entirely  with  direct -current  corona,  and  on  that  account 
I  am  unable  to  make  any  comparison  between  that  and  the 
alternating-current  corona.  In  my  work  it  did  seem  to  me  that 
the  d-c.  corona  lends  itself  better,  perhaps,  to  the  study  of  the 
physical  nature  of  corona  than'  does  the  alternating  current. 

In  the  work  I  did,  I  started  out  to  do  certain  definite  things, 
but  I  found  as  I  went  along,  the  things  I  started  to  do  got  further 
and  further  from  me,  because  I  ran  into  so  many  new  things 
that  apparently  had  not  been  explained.  I  went  to  one  of  the 
best  physicists  I  knew  and  got  him  to  try  to  help  me  out  on 
the  physical  explanation  of  the  formulas  such  as  are  given 
in  Mr.  Peek's  papers  and  Dr.  Whitehead's  papers  and  my  own. 
I  found,  after  a  while,  that  we  got  up  against  a  stone  wall. 

At  the  University  of  Illinois,  they  are  now  working  on  some 
fiuther  experiments,  and  are  taking  different  gases,  trying  to 
study  them,  and  get  some  knowledge  of  the  physical  laws  under- 
lying corona.  I  used  air  entirely,  and  I  found  that  when  working 
with  parallel  cylinders,  the  change  in  the  composition  of  the  air, 
due  to  corona,  seemed  to  cut  quite  a  figure.  We  are  now  trying 
to  get  away  from  that  by  using  simple  gases. 

C.  E.  Skinner:  All  of  us  who  have  had  to  do  with  insulation 
and  insulation  testing  have  many  times  wished  we  had  available 
direct  current  so  that  we  could  get  away  from  some  of  the  com- 
plications which  constantly  beset  us  in  the  testing  of  insulation 
with  alternating  current.  We  have  variables  enough  without 
the  extras  that  come  in  due  to  the  variations  from  frequency, 
wave  form  and  things  of  that  kind.  Insulations  are  about  the 
most  difficult  things  to  investigate,  because  of  the  fact  that  there 
are  such  an  enormous  number  of  variables  coming  in  to  mask 
results. 

Our  own  work  has  been  more  along  the  line  of  the  measuring        t 
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of  the  losses  at  high  voltages.  The  condition  we  have  to  meet  in 
practise  is  that  we  have  stresses  due  to  alternating  current  and 
some  of  the  important  features  in  connection  with  this  phenom- 
enon are  in  connection  with  losses  which  occur  in  the  insulating 
materia]. 

For  some  time  I  have  had  some  experiments  going  on  with  a 
view  to  seeing  if  we  could  not  determine  beforehand  when  insula- 
tion was  in  condition  to  break  down,  before  it  actually  broke 
down.  All  of  our  early  work  was  based  on  breakdown  values 
after  the  breakdown  occurred,  and  I  am  very  pleased  to  see  that 
some  recent  work  indicates  the  possibility  of  predicting  very 
definitely  when  insulation  is  in  a  condition  to  break  down,  before 
it  actually  does  break  down,  by  a  fairly  simple  measurement 
of  power  factor  and  losses. 

Mr.  Peek's  paper  brings  out  a  new  method.  It  gives  us  a  new 
rule.  With  each  new  instrument  we  enter  a  new  field  of  investi- 
gation, and  I  am  very  sure  that  this  paper  marks  the  beginning 
of  a  very  important  era  of  work  along  these  general  lines. 

Chester  L.  Dawes:  Mr.  Peek  has  produced  some  very  inter- 
esting and  important  results,  but  I  should  like  to  add  to,  or 
amplify  some  of  the  explanations  which  he  presents.  In  Fig.  6 
which  shows  the  spark  over  between  concentric  cylinders, 
the  60-cycle  curve  gives  low  values  of  voltage  for  small  values  of  r; 
these  values  increase  to  a  maximum  with  increase  in  r  after  which 
they  decrease.  That  is,  the  greater  thickness  of  air  has  a  lower 
dielectric  strength  than  the  thinner  layer  until  a  certain  ratio 
of  R/r  is  reached.  At  first  this  does  not  seem  reasonable,  but 
the  following  explanation  to  me  seems  rational.    The  impressed 

where  g  is  the  gradient  at  which  air  breaks  down,  and  x  is  the 
radius  to  the  air  where  the  gradient  is  g.  This  assumes  that 
the  corona  has  the  effect  of  increasing  the  diameter  of  the  con- 
ductor to  X.     If  this  assumption  were  correct  the  voltage  E 

could  be  increased  until  x  —  —  before  spark  over  would  occur. 

Therefore  it  would  seem  that  the  spark  over  voltage  would  be 

the  same  for  all  central  conductors  whose  radius  r  <  — .  ■  That  is, 

the  relation  if  plotted  would  be  similar  to  the  upper  d-c. 
curve  shown  in  Fig.  6.  However  the  corona  surrounding  the 
central  conductor  is  not  the  same  as  a  metallic  conductor  of  the 
same  diameter  for  no  corona  would  exist  about  the  metallic 
conductor.  The  corona  formation  about  the  smaller  wires  is 
emitting  ions  that  are  projected  into  the  outside  layer  of  air 
which  is  supporting  the  stress.  These  ions  produce  others  by 
collision,  etc.  and  the  outside  layer  of  air  breaks  down  at  a  much 
lower  voltage  than  it  would  if  the  corona  formation  had  acted 
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like  a  metallic  conductor.  The  smaller  wires  produce  a  larger 
ntmiber  of  these  ions  and  a  lower  spark-over  voltage  results 
as  shown  in  Fig.  6.  I  should  like  to  ask  if  any  reason  can  be 
given  for  the  d-c.  voltage  following  a  different  law  than  the  a-c. 
in  Fig.  6. 

As  Mr.  Peek  states,  solid  insulation  like  cambric  may  behave 
quite  differently  when  tested  with  d-c.  than  it  does  when  tested 
with  a-c,  which  partly  is  due  to  the  fact  that  the  insulation  is 
composed  of  an  infinite  number  of  minute  capacitances  and 
conductances  arranged  in  various  series-parallel  combinations. 
When  a  direct  current  is  impressed  across  a  piece  of  insulating 
material  there  is  an  initial  rush  of  displacement  current  which 
drops  off  very  rapidly  at  first  and  then  more  slowly  until  after  some 
time  it  reaches  an  essentially  constant  value.  This  decay  of 
current  is  almost  logarithmic.  It  may  be  several  minutes  before 
the  current  reaches  its  constant  value.  The  above  phenomenon 
is  often  called  "absorption."  It  is  due  to  the  minute  condensers 
constituting  the  insulation,  being  charged  through  high  resis- 
tances. Therefore  the  voltage  distribution  in  the  insulation 
will  be  materially  different  at  the  end  of  charge  than  it  is  at  the 
beginning  and  with  alternating  current.  At  the  end  of  charge 
the  distribution  is  determined  entirely  by  the  conductance 
relations  in  the  insulation  and  at  the  beginning  of  charge  and 
also  with  alternating  current  the  distribution  of  potential  is  de- 
termined almost  entirely  by  the  capacitance  relations  in  the  in- 
sulation. It  would  seem  reasonable  therefore  to  find  the  short 
time  d-c.  tests  checking  more  closely  than  the  a-c.  tests.  The 
fact  that  they  do  not,  I  should  say  was  due  to  the  fact  that  the 
period  of  two  seconds  or  so  was  long  enough  for  the  direct- 
current  distribution  of  potential  to  assimie  very  nearly  the 
final  steady  state. 

The  author  shows  that  d-c.  breakdowns  are  practically  the 
same  as  the  a-c.  breakdowns  when  the  insulation  has  a  low 
resistance.  Outside  the  question  of  the  alignment  of  moisture 
particles,  I  believe  that  the  explanation  lies  again  in  the  manner 
in  which  the  potential  distributed  itself  through  the  insulation. 
When  the  resistance  is  low  the  a-c.  distribution  of  potential  is 
determined  more  by  resistance  than  it  is  by  capacitance,  so  the 
breakdown  should  be  more  nearly  the  same  as  it  is  with  direct 
current.  This  is  also  true  in  transil  oils.  The  best  grades  have 
a  much  lower  insulation  resistance  than  other  well-known  solid 
insulators.  Also  the  oil  molecules  being  mobile,  can  quickly 
arrange  themselves  to  make  the  capacitance  a  maximum. 
Therefore  little  "absorption"  can  be  found  in  oils. 

I  should  not  recommend  that  direct  current  be  used  for  testing 
cables  except  perhaps  in  a  few  instances.  It  might  be  applied 
to  homogeneous  single-conductor  cables  provided  that  sufficient 
allowance  be  made  to  account  for  unknown  hysteresis  effects 
and  the  foregoing  factors.  I  believe  that  the  heating  is  neg- 
ligible at  ordinary  frequencies.    It  would  be  out  of  the  question 
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to  test  graded  cables  and  the  ordinary  twin-conductor  and 
multi-conductor  cables  with  direct  current,  as  the  voltage  dis- 
tribution throughout  the  various  insulations  v  hen  in  service  is 
determined  by  the  capacitance  relations,  whereas,  in  the  d-c. 
testing  it  would  be  determined  by  conductance  relations. 

Clayton  H.  Sharp:  As  I  understand  it,  Mr.  Peek  advocates 
the  use"  of  continuous  voltage  for  cable  testing  for  the  reason 
that  under  certain  conditions  the  continuous  voltage  is  more 
severe  on  the  cable  than  the  alternating  voltage,  whereas  yester- 
day, he  objected  to  the  use  of  the  high-frequency  oscillatory 
voltage  in  testing  transmission  insulators  for  the  same  reason. 

John  B.  Taylor:  Has  comparison  been  made  between  the 
voltage  as  determined  by  the  transformer  ratio;  by  electrostatic 
voltmeter;  and  by  what,  at  first  sight,  would  be  the  normal  way 
to  measure  the  high  d-c.  voltages, — plenty  of  resistance  and  stand- 
ard d-c.  voltmeter? 

In  work  with  extra  high-voltage  alternating  current  there  has 
been  much  doubt  as  to  the  correctness  of  the  values  of  high  volt- 
ages, so  it  is  surprising  to  see  in  a  presentation  of  d-c.  high-volt- 
age experiments  the  reliance  which  is  placed  on  a-c.  instruments, 
ratio  of  transformation  and  the  electrostatic  voltmeter. 

The  Thury  system  of  d-c.  series  high-voltage  transmission  of 
power  has  been  referred  to.  Service  experience  in  Europe  ex- 
tending over  a  number  of  years  has  demonstrated  the  practica- 
bility of  working  undergroimd  cables  and  other  insulators  under 
continuous  voltages  higher  than  has  been  attempted  with  alterna- 
ting current.  This  advantage  of  the  Thury  system  from  the  in- 
sulation standpoint  has  been  well  recognized  and  there  are  other 
advantages  such  as  opportunity  to  save  copper  by  using  earth- 
return  circuit  without  inductive  disturbances  to  telegraph  and 
telephone  lines.  Lack  of  flexibility  in  distribution  to  many  con- 
sumers unfortunately  has  interfered  with  more  general  introduc- 
tion of  the  system.  Mr.  Peek's  curves  in  Figs.  12  and  13  indicate 
how  much  more  a  cable  may  be  expected  to  stand  under  d-c. 
stress  than  a-c.  stress.  Similar  tests  should  be  made  on  com- 
pleted cable  samples  containing  splices  and  for  much  longer  time 
than  the  1500  seconds. 

Continuous  high  voltages  (higher  even  than  the  150  kv.  of 
the  paper)  have  long  been  available  from  * 'friction"  and  "in- 
fluence" electrostatic  machines.  Large  numbers  of  small  storage 
cells  have  been  connected  up,  and  series  of  small  d-c.  generators 
have  been  assembled  for  experiments  and  testing  at  voltages  at 
one  time  regarded  extremely  high.  The  complication  of  many 
small  d-c.  generators  and  the  bulk,  unreliability  and  small  power 
output  from  static  machines  possibly  makes  the  use  of  a-c.  gen- 
erators with  step-up  transformer  and  rectifying  *'kenetron"  the 
most  practicable  high  continuous  d-c.  experimental  device. 

Cable  failures  occur  principally  at  splices  due  to, — cracked 
insulation  from  bending  and  handling;  damaged  insulation  from 
overheating  (drying  out,  soldering,  lead  wiping,  or  hot  compound) ; 
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insufficient  insulation  thickness  or  poorer  grade  at  splice  than  in 
run  of  the  cable;  introduction  of  moisture;  presence  of  air  cavi- 
ties (possibly  at  reduced  pressure  resulting  from  contraction  of 
compound  on  cooling.) 

These  different  weaknesses  probably  have  different  ratios  for 
standing  a-c.  and  d-c.  stresses.  Particularly  an  air  space  in  the 
field  between  conductors  might  be  expected  as  result  of  con- 
tinued thermal  or  chemical  local  action  to  fail  more  readily  on 
a-c.  stresses.  Mr.  Peek  suggests  testing  cables  with  direct  cur- 
rent of  value  equal  to  maximum  of  accepted  a-c.  testing  values. 
His  results  in  Figs.  12  and  13  would  seem  to  call  for  a  higher 
direct  current  than  this.  Perhaps  twice  the  effective  a-c.  voltage 
would  be  comparable. 

F.  W.  Peek,  Jr. :  Referring  to  the  questions  of  Dr.  Whitehead 
and  Mr.  Taylor,  the  voltages  were  checked  by  means  of  a 
known  liquid  resistance  in  series  with  a  milliammeter,  and  also 
by  a  known  resistance  in  series  with  an  oscillographic  vibrator, 
across  the  high-voltage  lines. 

Dr.  Sharp  misunderstood  my  remarks  on  "high  frequency." 
I  think  my  meaning  will  be  clear  when  reference  is  made  to  the 
written  discussion.^  I  did  not  condemn  high-frequency  tests, 
as  such,  but  gave  an  illustration  to  show  how  easy  it  is  to  mis- 
interpret the  results  of  such  tests. 

I  have  not  advocated  direct  current  for  cable  testing.  I 
have  simply  pointed  out  that  it  looks  very  promising,  for 
the  following  reasons: 

I.  Air,  oil  and  insulating  liquids  break  down  at  d-c.  voltages 

equal  to  the  maximtun  a-c.  voltages. 
II.  Solid    insulations   containing   moisture   break  down  at 
approximately  the  same   maximum   voltages   on   alter- 
nating and  direct  current. 

III.  Solid  insulation,  in  good  condition,  require  a  direct-cur- 
rent voltage  much  higher  than  the  maximum  alternating- 
current  voltage  to  cause  breakdown. 

It  thus  seems  that  most  faults  will  be  located  equally  well 
on  a-c.  or  d-c,  if  a  d-c.  voltage  equal  to  the  maximum  of  the  a-c. 
testing  voltage  is  used.  This  follows  because  large  cracks  filled 
with  air  or  oil  will  be  broken  down  at  the  same  maximum  voltage 
on  a-c.  or  d-c.  (see  I  above);  wet  insulation  will  break  down  at 
approximately  equal  voltages  on  a-c.  or  d-c.  (see  II  above) ;  injury 
is  much  less  likely  to  occur  to  solid  insulation  in  good  condition 
on  d-c.  (see  III  above). 

Although  the  laboratory  tests  indicate  very  promising  results, 
I  believe  it  important  that  practical  experience  be  gained  in 
the  field,  before  recommendations  are  made  for  extensive  or 
general  use  of  this  form  of  testing.  Naturally,  the  principal  use 
of  the  d-c.  test  would  be  in  the  field  where  a  portable  set  is  nec- 
essary.   All  cables  should  be  given  the  a-c.  test  in  the  factory. 

1.  Discussion  of  papers  of  Messrs.  Creighton  and  Marvin,  Cleveland, 
Part  1  this  volume. 
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When  the  fault  occurs  in  the  cable  it  is  often  desirable  to 
bum  it  out  to  low  resistance  so  that  its  position  can  later  be 
located  by  a  bridge.  Our  laboratory  tests  indicate  that  this  can 
be  done  with  the  d-c.  testing  set.  The  time  required  to  bum  out 
a  fault  in  this  way  depends  upon  the  condition  of  the  sheath. 
If  the  sheath  has  been  broken  open  a  greater  time  will  be  required 
than  if  the  sheath  is  intact.  The  time  will  vary  from  1  to  5 
minutes. 

In  making  the  d-c.  corona  tests  we  found,  as  a  rule,  that  the 
visual  corona  point  was  quite  sharp  and  definite  when  the  wire 
was  positive.  When  the  wire  was  negative,  however,  it  was 
often  quite  difficult  to  determine  this  point  definitely.  The 
slightest  surface  irregularities  cause  the  negative  corona  to 
brush  at  fairly  low  voltage.  It  is  quite  possible  that  the  negative 
corona  voltage  is  a  few  per  cent  higher  than  the  positive  corona 
voltage,  the  exact  difference,  however,  if  there  is  any,  will 
depend  to  a  considerable  extent,  upon  the  observer  and  what  is 
defined  as  the  critical  point. 

L.  T.  Robinson:  I  think  one  of  the  greatest  advantages  in 
cable  testing  by  direct  current  is  that  you  can  get  along  without 
an  undue  amount  of  apparatus — you  are  required  to  fumish 
only  the  energy  for  testing  the  cable  and  not  a  big  charging  cur- 
rent, and  therefore  you  do  not  need  a  big  50-kw.  transformer 
to  test  a  small  cable,  but  maybe  a  3  or  5-kw.  transformer, 
which  is  a  great  advantage. 

F.  W.  Peek,  Jr.:  I  wish  to  say,  as  a  matter  of  interest,  that 
it  may  require  from  1000  to  2000  kv-a.  to  test  long  lengths  of 
cable  on  alternating  current  whereas  similar  tests  may  be  made 
on  direct  current  with  from  3  to  5  kv-a.  That  is  one  of  the 
reasons  why  d-c.  testing  suggests  itself,  and  why,  I  believe,  it 
is  worth  trying  out  in  practise.  It  will  often  be  a  question  of 
a  d-c.  test  or  no  test  at  all,  and  not  which  is  best. 
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Abstract  of  Paper 

An  instrument  is  described  in  which  the  first  appearance  of 
corona  is  used  as  a  measure  of  the  applied  voltage. 

Three  methods  for  detecting  the  first  appearance  of  corona 
have  been  developed,  in  addition  to  the  method  of  visual  observa- 
tion. These  methods  involve  the  use  of  the  electroscope,  the  gal- 
vanometer, and  the  telephone  respectively. 

For  a  given  wire,  in  fixed  relation  to  the  opposite  side  of  the 
circuit,  corona-forming  voltage  depends  on  the  density  of  the 
air,  that  is,  on  the  pressure  and  temperature.  The  corona 
voltmeter  consists  of  a  grounded  metal  cylinder,  with  a  central 
conductor  on  which  corona  is  formed.  Both  cylinder  and  con- 
ductor are  enclosed  in  a  larger,  air-tight  cylincier,  in  which  the 
pressure  can  be  varied  by  a  hand  pump.  This  variation  in 
pressure  provides  the  means  by  which  a  wide  range  of  voltage 
reading  is  possible.  The  calibration  of  the  instrument  is  abso- 
lute, that  is,  can  be  calculated,  or  may  be  obtained  by  compari- 
son with  existing  standards. 

The  voltmeter  is  set  for  a  given  voltage  by  adjusting  the  pres- 
sure to  a  value  calculated  from  the  dimensions  of  the  instrument 
and  taken  from  a  calibration  table  or  curve.  When  the  ascend- 
ing voltage  reaches  the  value  for  which  the  voltmeter  is  set, 
corona  begins,  and  this  is  sharply  indicated  by  any  one  of  the 
three  methods  mentioned.  To  measure  an  unknown  voltage, 
the  pressure  is  gradually  lowered  from  some  higher  value  and 
is  read  at  the  instant  corona  appears.  A  table  of  calculated 
values,  or  a  calibration  curve  then  gives  the  unknown  voltage. 

Tests  showing  the  constancy  and  permanence  of  the  instru- 
ment are  described. 


Introduction 

DURING  a  number  of  years*  intermittent  experiment  on  the 
phenomena  attending  the  electric  break-down  of  air,  one 
of  the  most  striking  .observations  has  been  the  extreme  sharp- 
ness, in  an  ascending  range  of  voltage  values,  with  which  this 
break-down  occurs  in  the  form  of  corona  on  clean  round  wires. 
Under  suitable  conditions  of  observation,  critical  voltage  read- 
ings repeat  themselves  to  an  accuracy  equal  to  that  within 
which  the  usual  direct  reading  instrument  ca:n  be  read,  i.e.,  of 
the  order  of  one- tenth  of  one  per  cent.  This  fact  has  led  one  of 
the  authors  in  his  papers^  describing  the  experiments,  to   point 

1.  For  references  see  bibliography  at  end  of  paper. 
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several  times  to  its  value  as  a  method  for  measuring  high  volt- 
age. It  has  been  shown  beyond  question  that  the  appearance 
of  corona  depends  on  the  maximum  value  of  the  alternating 
current  wave. 

That  the  visual  appearance  of  corona  might  be  used  as  a 
means  of  measurement  of  the  maximum  value  of  the  voltage  wave 
was  apparently  first  suggested  by  H.  J.  Ryan'  in  his  notable 
paper  of  1904.  His  suggestion,  however,  does  not  seem  to  have 
extended  beyond  the  visual  observation  of  the  light  given  out 
by  corona,  which  naturally  is  only  visible  in  darkness.  Re- 
liance on  visual  observation  therefore,  practically  precludes 
the  use  of  the  method  except  perhaps  for  laboratory  purposes. 
This  and  the  fact  that  the  correction  factors  for  variations  of 
temperature  and  pressure  have  only  recently  been  definitely 
fixed',  probably  explains  the  absence  of  attempt,  up  to  this 
time,  to  make  use  of  the  appearance  of  corona  as  a  measixre  of 
voltage. 

The  fact  that  air  in  the  neighborhood  of  the  corona  is  ionized,  • 
that  is,  possesses  high  electric  conductivity,  has  been  extensively 
utilized  by  one  of  the  authors*  as  a  means  of  detecting  the  pres- 
ence of  corona.  A  charged  electroscope  in  a  suitable  location 
near  a  high-voltage  conductor  discharges  with  marked  suddenness 
on  the  appearance  of  corona.  The  electroscope,  then,  may  be 
used  as  a  detecting  instrument  free  from  the  limitations  of 
visual  observation  of  the  light  of  the  corona.  Other  means 
of  detection  have  also  been  developed  and  will  be  described  in 
this  paper.  With  a  suitable  detecting  instrument  therefore  the 
corona  becomes  far  more  accessible  as  a  high-voltage  indicator. 

Little  need  be  said  as  to  the  importance  of  a  convenient  and 
reliable  method  for  measuring  the  maximum  value  of  high  alter- 
nating voltage.  The  question  is  answered  by  the  fact  that  the 
electric  strength  of  all  insulating  material  is  dependent  on  the 
maximum  value  of  applied  voltage.  The  needle  gap  as  a  means 
of  measurement  may  also  be  passed  with  only  brief  comment. 
Although  long  the  standard  of  the  Institute,  its  unreliability 
is  now  universally  recognized.  It  may  be  stated,  however, 
that  under  properly  chosen  conditions  and  with  points  ha\'ing 
angles  greater  than  20  degrees,  quite  uniform  results  may  be 
obtained.  The  thorough  investigation  of  the  needle  gap  by 
Weicker*  has  shown  its  limited  value  and  many  weaknesses. 

The  sphere  gap  has  been  strongly  advocated  as  an  instrument 
free  from  many  of  the  objections  to  the  needle  gap.    The  authors 
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of  this  paper  cannot  claim  familiarity  with  this  instrument,  and 
therefore,  hesitate  to  call  attention  to  its  apparent  limitations. 
It  is  fair,  however,  to  point  out  that  the  results  of  different  observ- 
ers using  the  sphere  gap  are  not  in  agreement,  that  the  results 
of  a  single  observer  frequently  differ  by  several  per  cent,  and 
that  as  shown  by  Peek*,  the  calibration  curve  is  widely  different 
for  the  cases  of  both  terminals  insulated,  and  one  terminal 
grounded.  Its  accuracy  therefore  is  very  sensitive  to  the  prox- 
imity or  presence  of  other  objects  in  the  neighborhood,  due  to 
their  influence  on  the  electrostatic  field.  Attempts  have  also 
been  made  to  derive  mathematical  expressions  from  which  it 
should  be  possible  to  calculate  the  spark-over  voltage  of  any  given 
sphere  gap.  However,  the  results  of  Russell*  in  this  direction 
have  been  attacked  by  de  Kowalski  and  RappeP,  and  the  sub- 
sequent discussion  indicates  that  there  is  considerable  doubt 
whether  it  is  possible  to  calculate  accurately  the  electric  intensity 
within  the  sphere  gap.  Therefore  notwithstanding  the  adoption 
by  the  Institute  of  the  sphere  gap  as  a  standard,  no  apology  is 
necessary  in  describing  an  instrument  which  seems  to  be  free 
from  some  of  its  imperfections. 

Recent  papers  before  the  Institute  by  Chubb^  and  by  Sharp 
and  Doyle*  have  described  crest  voltmeters  utilizing  the  rectify- 
ing properties  of  hot  cathode  tubes.  The  arrangement  proposed 
by  Sharp  and  Doyle  is  especially  simple  and  promising.  Both 
types  should  prove  valuable  for  low-voltage  readings  although 
the  use  of  a  vacuum  tube  is  an  undesirable  feature  for  general 
utility.  On  high  voltage,  series  condensers  or  resistance  are 
apparently  necessary,  and  therefore  introduce  well-known  un- 
certainties. 

Principle  of  the  Corona  Voltmeter 
The  corona  as  a  means  of  measurement  possesses  the  great 
advantage  that  it  obeys  a  definite  law  ui)on  which  close  agree- 
ment now  obtains  among  many  observers.  If  it  is  possible  to 
foretell  with  a  good  degree  of  precision  the  value  of  voltage 
at  which  corona  will  begin  on  a  clean  round  conductor,  an  abso- 
lute calibration  is  therefore  also  possible.  This  paper  describes 
an  instrument  in  which  the  first  appearance  of  corona  may  be 
accurately  and  conveniently  detected,  and  which  may  be  set 
readily  and  without  trouble  for  any  voltage  within  a  consider- 
able range. 

From  the  nature  of  the  corona  it  will  be  evident  that  an^-        ^ 
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strument  using  it  as  an  indicator  of  voltage  can  make  no  pre- 
tense to  a  direct-reading  scale.  No  more  can  the  needle  gap  or 
the  sphere  e:ap.  The  corona  voltmeter  as  now  described, 
however,  possesses,  among  other  advantages,  two  important 
features,  which  in  the  absence  of  a  direct-reading  scale,  are  very 
good  substitutes.  (1)  ConvQpience  of  observation.  (2)  A  wide 
range  of  voltage  without  manipulation  or  adjustment  of  the 
instrument. 

Methods  of  Observation 

The  appearance  of  corona  obeys  a  rigid  law  only  when  the 
wire  or  rod  on  which  it  appears  is  accurately  placed  on  the  axis 
of  a  hollow  cylinder  forming  the  opposite  side  of  the  circuit. 
This  arrangement  has  therefore  been  chosen  for  the  voltmeter. 
In  the  present  form  the  outer  cylinder  is  grounded,  thus  present- 
ing the  advantage  of  screening  the  wire  from  outside  influence 
and  permitting  close  approach  to  it  without  danger. 

Three  methods  of  observing  the  beginning  of  corona,  not 
including  visual  observation,  have  been  developed;  the  electro- 
scope, the  galvanometer,  and  the  telephone. 

The  Electroscope.  The  electroscope  is  the  most  sensitive  instru- 
ment for  detecting  the  state  of  ionization  or  conductivity  in  a 
gas.  Since  the  corona  is  attended  by  copious  ionization  the  use 
of  the  electroscope  for  detecting  corona  involves  only  the  question 
whether  the  electroscope  can  be  brought  into  suitable  proximity 
of  the  corona  without  disturbing  the  electric  field  upon  which 
the  formation  of  the  corona  depends. 

If  the  outer  grounded  cylinder  surrounding  the  rod  or  wire  on 
which  the  corona  is  formed  is  perforated  with  a  few  small  holes, 
and  an  insulated  electrode  connected  to  a  charged  electroscope 
is  brought  up  close  to  these  holes  on  the  outside,  the  first  appear- 
ance of  corona  causes  an  immediate  discharge  of  the  electro- 
scope. The  close  coincidence  between  the  appearance  of  corona 
and  the  electroscope  leak  or  discharge  was  described  in  the  first 
paper  of  one  of  the  authors,  on  the  **Electric  Strength  of  Air.''^ 
So  copious  is  the  ionization  with  the  very  first  appearance  of  the 
visual  corona  that  it  is  not  necessary  to  use  a  particularly 
sensitive  electroscope.  A  roughly  constructed  instrument  using 
a  large  strip  of  aluminum  foil  instead  of  gold  leaf  has  been  used 
with  good  advantage. 

In  order  to  meet  the  possible  requirement  of  moving  from  place 
to  place,  a  portable  electroscope  has  been  develop^.     This 
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instrument  has  only  one  leaf  which,  in  its  zero  or  discharged 
position,  rests  against  a  rigid  member.  Means  are  provided 
whereby  in  this  position  the  leaf  is  pressed  throughout  its  entire 
length  against  the  rigid  member  by  a  flap  made  of  the  paper 
which  separates  the  successive  layers  of  gold  leaf  in  the  books 
in  which  the  leaf  is  usually  furnished.  This  flap  is  readily  ad- 
justable from  outside  the  instrument,  which  can  thus  be  handled 
without  danger  to  the  gold  leaf.  The  instrument  is  also  fur- 
nished with  means  for  adjusting  the  sensibility.  Since  the 
strip  of  gold  leaf  swings  through  a  circular  arc  it  may  be  cali- 
brated, although  this  is  not  necessary  for  the  purpose  of  indi- 
cating the  first  appearance  of  corona.  Direct  visual  observation 
of  the  discharge  of  the  electroscope  is  possible  but  is  not  as 
accurate  as  when  it  is  viewed  through  a  telescope. 

The  electroscope  may  be  charged  from  a  120- volt,  direct- 
current  circuit,  either  directly  or  by  a  parallel-series  connection 
of  small  condensers. 

The  Galvanometer,  If  the  outer  grounded  cylinder  be  drilled 
with  small  holes  fairly  close  together  over  its  entire  surface,  and 
if  the  electrode  formerly  used  for  the  electroscope  be  extended 
in  area  so  as  to  form  an  outer  cylinder  surrounding  that  forming 
one  side  of  the  high  voltage  circuit,  a  very  greatly  increased 
volimie  of  ionized  gas  may  be  utilized.  If  this  outer  cylinder 
or  electrode  is  brought  close  to  the  grounded  cylinder  and  is 
connected  to  ground  through  a  galvanometer  and  source  of  con- 
tinuous potential,  the  galvanometer  should  deflect  when  the 
gas  between  the  two  cylinders  is  ionized.  The  outer  or  electrode 
cylinder  must  of  course,  be  carefully  insulated. 

The  object  of  this  arrangement  is  to  detect  the  presence  of 
corona  with  a  less  sensitive  instrument  than  the  electroscope. 
The  results  as  described  below  indicate  that  under  proper  con- 
ditions this  arrangement  serves  admirably  for  its  purpose.  In 
the  larger  of  the  two  voltmeters  to  be  described,  a  portable 
needle  galvanometer  with  a  direct  reading  scale  and  sensitivity  of 
10-*  amperes  may  be  used.  For  the  smaller  voltmeter  a  more  sen- 
sitive galvanometer  is  necessary.  Up  to  this  time  a  reflecting 
galvanometer  with  telescope  has  been  used,  of  sensitivity  in  the 
neighborhood  of  10"^  amperes.  The  magnitude  of  its  deflec- 
tions indicates  that  the  more  sensitive  forms  of  needle  gal- 
vanometer may,  if  necessary,  be  used  with  this  instrument  also. 
For  portable  purposes,  the  needle  galvanometer  is  obviously 
the  more  desirable.  r^  t 
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A  continuous  voltage  is  necessary  in  the  use  of  the  galvano- 
meter. The  240-volt,  three-wire  circuit  has  been  used  in  the 
experiments,  provision  being  made  for  120  volts  positive  or 
negative  on  the  galvanometer  and  electrode.  The  arrangement 
is  markedly  more  sensitive  for  negative  than  it  is  for  positive 
electrode,  owing  to  the  diflFerences  in  the  properties  of  negative 
and  positive  ions  and  consequently  the  resulting  values  of  the 
ionization  currents. 

The  Telephone.  The  corona  emits  a  sound  which  is  gathered 
and  intensified  if  the  region  surrounding  the  corona  forming 
wire  is  enclosed.  Earlier  experiments  showed  that  if  the  per- 
forated grounded  cylinder  or  corona  tube  has  its  ends  capped  and 
is  enclosed  in  an  outer  jacket  of  any  kind  provided  with  a  single 
hole  to  which  the  ear  may  be  placed,  the  first  appearance  of 
corona  is  attended  by  sound  of  considerable  volume.  If  a  cone, 
connected  by  tubes  to  ear  pieces  is  added,  the  sound  is  further 
intensified,  and  in  fact,  becomes  quite  loud. 

As  described  below,  the  corona  voltmeter  in  its  present  form 
involves  a  variation  of  the  gas  pressure  in  the  corona  tube. 
This  of  course,  will  prevent  a  direct  listening  to  the  sound. 
In  order  therefore,  to  take  advantage  of  the  sound,  a  telephone 
transmitter  has  been  inserted  into  a  side  tube  and  connected 
with  twin  receivers  in  the  usual  head-piece  form,  on  the  outside. 
Obviously  gas  pressure  has  no  influence  on  the  proper  operation 
of  the  telephone  transmitter.  This  arrangement  has  been  found 
to  work  admirably,  and  indeed,  has  been  found  quite  as  reliable 
as  either  of  the  foregoing  methods  for  indicating  the  initial 
presence  of  the  corona. 

Vistial  Observation.  Any  of  the  foregoing  methods  ma^  be 
checked  in  a  darkened  space  b>jf#  visual  observation.  In  the 
present  work  the  two  forms  of  instrument  have  been  provided 
with  plate  glass  disks  at  their  ends,  permitting  detection  of 
the  first  appearance  of  visual  corona.  As  numerous  tests  have 
shown  that  the  indications  of  all  three  of  the  foregoing  methods 
are  simultaneous  with  the  appearance  of  corona,  the  use  of  the 
visual  method  has  been  limited  to  the  purposes  of  inspection 
and  checking. 

Range  of  Observation 

At  atmospheric  pressure  and  temperature,  a  given  diameter  of 
wire  or  rod,  placed  in  a  given  outer  tube,  will  form  corona  at 
one  and  only  one  definite  value  of  voltage.  Hence  to  ob- 
tain any  range  in  an  instnmient  using  corona 
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pheric  conditions  would  require  a  change  in  the  diameter  of  the 
outer  cylinder  or  of  the  inner  conductor,  or  in  the  use  of  a  wire 
or  rod  of  varying  diameter.  A  change  from  one  conductor  to 
another  is  not  impossible  but  is  manifestly  troublesome  and 
objectionable,  save  perhaps,  under  laboratory  conditions.  The 
use  of  a  conductor  of  varying  diameter  is  not  feasible  on  account 
of  the  small  temperature  variations  due  to  the  presence  of 
corona  and  on  account  of  the  necessity  of  visual  observation. 

Corona-forming  voltage  depends  on  the  pressure  and  temper- 
ature of  the  air.  The  values  of  the  voltage  at  which  corona 
forms  on  a  given  wire  under  any  conditions  of  temperature  and 
pressure  are  now  well-known.  The  density  of  the  gas  is  the 
determining  factor  and  variations  of  density  cause  quite  wide 
differences  in  the  value  of  the  corona  forming  voltage. 

A  prominent  feature  of  the  corona  voltmeter  as  here  described 
is  that  the  pressure  in  the  corona  tube  is  controlled  and  varied 
and  constitutes  the  means  whereby  the  instrument  is  set  for  a 
given  voltage.  Adjustment  of  the  pressure  throughout  a  wide 
range  is  quite  easy  and  thus  provides  practically  any  desired 
range  of  voltage  value.  In  this  way  values  of  air  density  which 
necessitate  a  troublesome  correction  at  atmospheric  pressure, 
are  eliminated,  and  in  fact,  are  turned  to  account  in  providing 
a  ready  means  of  extending  the  scale  of  the  instrument.  One 
wire  or  rod  serves  for  the  whole  range,  and  no  adjustments 
other  than  that  of  the  pressure  are  necessary.  There  is  in  fact, 
no  limit  to  the  range  other  than  that  due  to  the  insulation  of 
the  air  tight  bushings,  through  which  connection  is  made  to 
the  corona  forming  rod,  and  that  set  by  a  safe*  gas  pressure 
within  the  instrument.  In  the  two  forms  of  instnunent  described 
below,  in  the  smaller  a  working  range  between  20,000  and  50,000 
volts  is  obtained  with  a  pressure  of  30  cm.  below,  and  60  cm.  of 
mercury  above,  atmospheric  pressure.  A  corresponding  range 
with  100,000  volts  as  a  maximum  and  the  same  range  of  pressure 
is  obtained  in  the  larger  instrument. 

Description  of  Voltmeters 

100,000-VOLT  TYPE 

The  first  type,  designed  after  a  number  of  preliminary''  experi- 
ments, for  a  range  of  100,000  volts  is  shown  in  Fig.  1.  It  con- 
sists of  an  outer  steel  shell  45.7  cm.  outside  diameter  and  44.4 
cm.  inside  diameter.  The  ends  are  enclosed  with  plate  glass 
disks  1.9  cm.  thick,  held  between  flanges,  and  each  supporting 
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in  a  hole  in  its  center  a  100,000-volt  porcelain  bushing.  This 
outer  shell  provides  a  chamber  in  which  the  pressure  may  be 
varied;  the  voltmeter  proper  is  inside.  The  picture  shows  some 
of  the  various  terminals  and  auxiliary  apparatus.  The  length 
of  the  outer  shell  over  flanges  is  190  cm.  The  length  of  the  whole 
instrument  over  insulator  bushings  is  238  cm. 

Fig.  2  is  a  descriptive  drawing  showing  the  various  parts. 
In  order  that  certain  features  may  be  emphasized  no  attempt 
has  been  made  to  make  the  drawing  to  a  uniform  scale.  The 
central  conductor  on  which  corona  is  formed,  shown  at  .4, 
consists  of  about  40  in.  (101.5  cm.)  of  Stubb's  tool  steel,  0.635 
cm.  in  diameter.  At  either  end,  just  outside  the  cylinder  B,  the 
central  conductor  is  suitably  joined  to  rods  of  larger  diameter 
which  extend  through  the  porcelain  bushing  E  at  either  end. 
The  object  of  this  enlargement  is  to  make  certain  that  the  electric 


Fig.  2 — Corona    Voltmeter   for   100,000  Volts — Central   Section 
AND  Connections  of  Auxiliary  Apparatus 


discharge  occJurs  only  within  the  region  inside  cylinder  B.  This 
outer  cylinder  B  is  92  cm.  long,  30.7  cm.  in  diameter,  is  perfor- 
ated over  its  entire  surface  with  holes  1.58  cm.  in  diameter,  and 
is  electrically  connected  to  the  outer  shell  C,  which  is  in  turn 
connected  to  earth.  The  insulators  E  are  cemented  to  the  glass 
disks  Z),  which  in  turn  are  held  between  soft  rubber  gaskets 
and  the  flanges  on  the  outer  tube.  The  final  centering  of  the 
central  conductor  is  accomplished  at  the  ends  of  the  insulators, 
the  central  openings  of  which  provide  free  play  for  this  purpose. 
F  is  a  thin  metal  cylinder  surrounding,  and  very  close  to,  the 
perforated  cylinder  B.  It  is  insulated  and  connects  through  a 
sulphur  bushing  with  the  galvanometer  G  and  a  source  of  con- 
tinuous potential  5.  -ff  is  a  small  electrode  fitting  in  a  hole  in 
F  but  not  touching  it,  and  connected  through  a  sulphur  bushing 
with  an  electroscope,  /,  whose  case  is  connected  to  earth.    J  is 
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Fig.  1     Corona  Voltmeter  for  100,000  Vi^lts 
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a  telephone  transmitter  fitting  into  a  side  tube  shown  in  Fig.  1. 
L  is  an  ordinary  hand  air  pump  for  either  pressure  or  vacuum ; 
together  with  the  gauge  M  it  is  connected  to  the  main  contain- 
ing cylinder.  N  is.  a  small  side  tube  with  glass  top  through 
which  the  thermometer  T,  recording  temperature  inside  the 
tube,  may  be  observed.  All  permanent  joints  were  sealed  with 
a  cement  made  from  litharge  and  glycerine,  while  those  holding 
the  glass  and  cap  nuts  on  the  end  of  the  central  conductor  con- 
sisted of  soft  rubber  gaskets.  No  particular  care  was  given  to 
the  elimination  of  unnecessary  joints,  and  it  has  been  found 
possible  to  maintain  pressure  as  high  as  60  cm.  above  atmosphere 
over  periods  quite  sufficient  to  insure  constancy  of  observation. 

In  designing  the  instrument  as  described  above,  liberal  allow- 
ances were  made  in  all  dimensions.  It  was  the  first  instnmient 
in  which  pressure  was  applied  and  in  order  to  provide  also  for 
thorough  inspection  and  access  to  all  parts,  it  was  realized  that 
it  would  probably  be  found  unnecessarily  large.  This  proved 
to  be  the  ^ase.  The  indications  of  the  appearance  of  corona 
by  the  several  methods  already  described  were  so  satisfactory 
that  it  was  soon  found  that  the  instrument  could  be  made  smaller 
without  sacrifice  of  reliability. 

The  only  limitation  which  has  been  found  in  this  first  type  of 
instrument  is  in  the  insulation.  If  too  large  a  central  conductor 
is  used,  say  above  1.75  cm.  diameter,  the  high  voltage  required 
to  start  corona  causes  a  spark  between  the  conductor  and  the 
outer  casing  at  the  edge  of  the  insulator  bushing  due  to  a  region 
of  high  electric  intensity.  This  trouble  is  entirely  eliminated 
by  the  use  of  a  smaller  corona  conductor,  with  ends  of  larger 
diameter,  as  already  described.  Corona  then  appears  at  lower 
voltages  at  atmospheric  pressure  and  the  spark-over  voltages 
at  the  bushing  are  never  reached.  The  voltage  at  that  point 
only  rises  when  pressure  is  on  the  tube  and  sparking  is  then 
suppressed. 

The  pressure  in  this  tube  has  only  been  carried  to  62  cm.  of 
mercury.  This  means  a  total  thrust  of  2100  lb.  (952.5  kg.) 
on  each  of  the  plate  glass  disks  at  the  ends.  While  the  central 
conductor  can  probably  be  relied  on  to  take  up  a  part  of  this 
thrust  the  pressure  has  not  been  carried  higher  up  to  this  time 
for  fear  of  breaking  the  glass  disks.  It  is  not  necessary  to  have 
the  whole  end  of  the  tube  of  glass,  as  small  openings  only  are  re- 
quired for  observing  visually,  the  appearance  of  corona.  There- 
fore, in  a  tube  of  the  general  dimensions  given,  it  should  be  quite 

Digitized  by  LjOOQ IC 


818  WHITEHEAD  AND  PULLEN:  [June  29 

easy  to  reach  pressures  far  in  excess  of  that  mentioned.  Our 
experience  indicates  that  the  chief  limitation  of  the  instrument 
is  the  insulation  of  the  bushing  leading  the  voltage  to  the  central 
corona  forming  conductor. 

50,000-VOLT  TYPE 

As  a  result  of  the  experiments  with  the  foregoing  instrument, 
another  was  designed  for  50,000  volts  in  which  effort  was  made 
to  reduce  the  dimensions  without  impairing  its  reliability.  Fig.  3 
shows  a  general  view.  In  all  respects  the  details  of  the  instrument 
are  the  same  as  those  already  described  in  connection  with  the 
larger  type,  except  that  is  this  smaller  type  the  telephone  has 
been  omit  led.  This  was  done  largely  because  of  the  difficulty 
and  time  required  for  setting  into  the  outer  cylinder  a  branch 
tube  large  enough  to  hold  the  telephone  transmitter,  the  di- 
ameter of  the  main  cylinder  being  only  12.7  cm.  Observations 
are  in  no  wise  dependent  on  the  use  of  the  telephone  and  this 
was  not  considered  as  a  necessary  feature  for  an  experimental 
type  of  instrument. 

The  principal  dimensions  for  the  smaller  instrument  are  as 
follows:  Outer  tube,  12  cm.  inside  diameter,  24  cm.  diameter 
over  end  flanges,  length  over  flanges,  52  cm.,  length  over  all, 
76  cm.  The  inside  or  corona  tube  is  9.51  cm.  inside  diameter 
and  29  cm.  long.  Central  conductors  or  rods  of  various  diameters 
have  been  used.  In  the  experiments  described  below  the  rod 
was  of  tool  steel,  0.396  cm.  in  diameter. 

In  this  instrument  as  in  the  other,  the  limit  has  been  found 
in  the  insulation  of  the  end  bushings.  In  the  form  shown, 
brush  discharge  begins  at  65,000  volts  over  the  inside  surface  of 
the  glass  ends.  As  the  insulators  were  home-made,  by  making 
the  whole  instrument  somewhat  longer,  and  improving  the 
insulation,  there  seems  to  be  no  reason  why  this  instrument 
could  not  be  used  for  even  higher  values.  The  pressure  required 
to  reach  above  50,000  volts  was  only  66  cm.  of  mercury  above 
atmosphere. 

Pressure  is  adjusted  and  varied  in  the  tubes  without  trouble 
by  means  of  an  ordinary  hand  pump,  for  both  vacuum  and  pres- 
sure, about  46  cm.  long,  and  of  the  type  used  for  bicycle  and  auto- 
mobile tires.  A  valve  with  small  opening  permits  easy  adjustment 
of  pressure. 

Observations  and  Tests 

Power  was  taken  from  a  10-kv-a.,  100,000- volt  transformer 
fed  by  a  7.5-kv-a.,  motor-driven,  smooth  body,    surf  ace- wound. 
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single-phase  generator,  specially  designed  to  give  a  smooth 
wave.  The  set  was  designed  for  frequencies  between  45  and 
120  cycles  and  was  equipped  for  close  speed  and  generator 
field  control  within  wide  ranges. 

Throughout  the  experiments  a  frequency  of  60  cycles  was 
maintained.  Variation  of  the  transformer  primary  voltage 
was  accomplished  by  varying  the  field  current  of  the  generator. 

The  transformer  is  of  the  core-type,  having  all  of  its  coils 
wound  on  one  side  of  the  magnetic  circuit  of  rectangular  shape. 
It  is  provided  with  two  primary  coils,  each  for  110  volts.  It 
also  has  a  tertiar}''  coil  with  the  same  number  of  tiuns  as  one 
primary  coil.  All  of  these  coils  are  close  to  the  core.  The  high- 
tension  winding  consists  of  a  large  number  of  pan-cake  shaped 
coils  set  side  by  side  over  the  primary  and  filling  a  large  portion 
of  the  central  opening  of  the  magnetic  circuit.  The  transformer 
was  designed  for  operation  at  any  frequency  between  20  and  120 
cycles.    The  ratio  of  high-tension  to  tertiary  coil  turns  is  833.36. 

All  observations  have  been  made  with  the  outer  tube  of  the 
voltmeter,  one  end  of  the  tertiary  coil,  one  end  of  the  primary 
and  one  end  of  the  high-tension  winding  all  connected  to  ground. 
In  the  observations  of  the  smaller  voltmeter  the  primary  coils 
were  connected  in  series  while  on  the  larger  they  were  in  parallel 
The  value  of  the  generator  voltage  in  both  cases  ranged  from 
20  volts  up  to  about  100.  It  will  be  seen  therefore  that  all 
observations  were  taken  at  comparatively  low  values  of  the 
magnetic  density  in  both  the  generator  and  transformer.  Power 
for  the  direct-current  motor  and  also  for  the  generator  field  was 
taken  from  a  storage  battery,  giving  most  of  the  time  practically 
perfect  conditions  as  to  constancy. 

The  general  method  of  taking  observations  was,  with  secondary 
connected  to  the  central  conductor  of  the  voltmeter,  to  raise 
the  voltage  gradually,  observing  the  electroscope  and  galvan- 
ometer, and  listening  with  the  telephones,  singly  or  all  together 
Simultaneous  readings  of  all  three  were  possible  by  using  a 
reflecting  galvanometer,  and  throwing,  with  suitable  mirror 
arrangements,  the  image  of  the  electroscope  leaf  into  the  tele- 
scope used  for  reading  the  galvanometer.  As  soon  as  any  one  or 
all  of  the  instruments  indicated  the  appearance  of  corona  the 
voltage  was  read  by  an  electro-dynamometer  type  of  voltmeter 
on  the  terminals  of  the  tertiary  coil  of  the  transformer.  A  large 
number  of  oscillograms  were  taken  during  the  course  of  the 
experiments  which,  with  the  voltmeter  readings,  serve  to  giye  ^ 
the  crest  factors  of  the  voltages  in  the  tertiary  coil.  Digitized  by  vLjOOg IC 
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Special  interest  attaches  to  the  extreme  constancy  with  which 
the  corona  is  indicated  by  any  one  of  the  four  methods  described 
and  to  the  closeness  with  which  the  four  methods  agree  among 
themselves. 

The  readings  in  Table  I  were  taken  by  two  observers.  One 
observer  would  read  the  electroscope  or  galvanometer  or  listen 
with  the  telephone  while  gradually  raising  the  voltage.  As 
soon  as  indication  of  corona  appeared  he  would  tell  the  other 
observer  to  read  the  voltage.  The  voltage  would  then  be  lowered 
by  an  indeterminate  amount  and  the  process  repeated.  The 
readings  with  each  type  of  indicating  instnmient  were  taken 
singly,  the  several  sets  following  one  immediately  after  the  other. 

As  a  general  thing  the  electroscope  leaf  would  stand  appar- 
ently perfectly  still,  its  normal  rate  of  leakage  being  extremely 


TABLE  I. 

COMPARISON  OP  ELECTROSCOPE,  GALVANOMETER,  AND  TELEPHONE 

AS  INDICATORS  OP  PRESENCE  OP  CORONA 


Critical  volts  on  tertiary  coil.  0.633 

cm.  diam 

rod  in 

30.7  cm.  tube 

Electroscope 

48.75           48.76 

48.8 

48. 8 

48.75           48.75 

Galvanometer.     . . . 

48.8             48.8 

48.75 

48.8 

48.76           48.7 

Telephone 

48.8             48.8 

48.75 

48.8 

48.8             48.75 

small.  With  the  appearance  of  corona  the  leaf  would  discharge 
in  periods  varying  between  one  and  five  or  six  seconds  depend- 
ing upon  the  size  of  the  conductor  and  the  condition  of  its  sur- 
face. The  rate  of  leak  attendant  upon  the  appearance  of  corona 
is  always  sharply  marked,  and  there  is  no  difficulty  in  distinguish- 
ing it  even  when  at  its  slowest. 

The  galvanometer  deflection  is  also  sharply  marked.  With 
the  approach  to  corona  voltage  the  galvanometer  stands  at 
zero  or  with  a  small  deflection  due  to  leakage  over  the  insulation 
of  its  electrode,  the  deflection  being  practically  constant.  With 
the  appearance  of  corona  the  galvanometer  takes  a  sharp  in- 
crease of  deflection  the  amount  of  which  is  dependent  upon  its 
sensitivity.  In  the  mirror  galvanometer  already  mentioned, 
the  amount  of  this  sudden  deflection  was  6.5  mm.  No  fine 
adjustment  of  the  voltage  increase  could  bring  the  deflection 
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below  this  value.  With  the  less  sensitive  needle  galvanometer 
already  described,  the  deflection  was  considerably  less,  of  the 
order  of  one  mm.  which,  however,  is  readily  detectable.  These 
deflections  increase  rapidly  with  even  a  small  increase  of  the 
voltage  above  the  corona  forming  point. 

With  reference  to  the  telephone,  it  has  already  been  stated 
that  with  the  approach  to  corona  voltage  there  is  no  sound  in 
the  telephone,  but  the  instant  corona  appears  a  very  pronounced 
note  is  heard. 

A  number  of  preliminary  tests  with  various  sizes  of  central 
conductor  were  made  on  each  type  of  voltmeter.  These  tests 
had  as  their  principal  object  the  study  as  to  how  the  values 
obtained  would  agree  with  the  formulas  given  by  various  exper- 

TABLE  II. 
COMPARISON    OP    OBSERVED    AND    CALCULATED    CORONA    VOLTAGES 


Dt&m. 
rod 
cm. 

Critical  volts 

» 

Critical  surface 
intensity 

Obs. 

Calc. 

0.238 
0.317 
0.306 
0.477 

21.6     21.7     21.8 
24,6     24.7     24.6 
27.6     27.6     27.6 
30         30         29.9 

1.014 
1.014 
1.017 
1.017 

69.400 
66,600 
63.800 
60.700 

69.800 
66.400 
64.000 
61.200 

iments  connecting  the  critical  surface  intensity  of  a  conductor 
with  its  diameter  and  with  the  temperature  and  pressure. 

The  method  followed  in  these  tests  has  been  the  same  as  that 
used  by  one  of  the  authors  in  his  papers  on  **The  Electric  Strength 
of  Air."  This  method  involves  the  reading  of  the  critical  voltage 
on  the  low-tension  side,  the  measurement  of  the  wave  form  on 
the  low-tension  side,  and  the  assumption  that  the  ratio  of  trans- 
formation of  the  transformer  is  that  of  the  number  of  turns  in 
primary  and  secondary.  This  method  has  been  found  to 
give  very  uniform  results  for  moderate  values  of  the  secondary 
voltage. 

Table  II  shows  the  results  with  four  sizes  of  rod  in  the  smaller 
voltmeter.  The  results  calculated  from  the  expression  for  the 
surface  intensity, 


£  =  32  («  -f  0.296  Vy)  kv/cm. 


(1) 
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are  also  given  in  one  column  of  the  table.  It  will  be  seen  that 
the  agreement  is  quite  close.  The  constants  of  the  above  ex- 
pression are  those  which  were  first  proposed  by  one  of  the  authors. 
Peek's  corresponding  expression  gives  a  value  in  the  neighbor- 
hood of  31  instead  of  32  for  the  principal  factor  of  the  right  hand 
member  of  the  expression.  Further  evidence,  leading  to  the 
conclusion  that  the  higher  value  is  the  correct  one,  is  given  in 
our  results  below  in  which  the  density  of  the  air  is  varied  through 
wide  limits. 

A  number  of  tests  were  also  taken  with  various  sizes  of  central 
conductor  in  the  larger  voltmeter.  The  observations  were 
taken  under  the  same  conditions  of  accuracy  and  care,  and  could 
also  be  repeated  as  often  as  desired.  The  values  of  voltages, 
however,  as  read  on  the  low-tension  side,  and  reduced  to  the 
high-tension  side  in  the  method  described,  were  always  lower 
than  the  values  calculated  from  the  expression  just  given. 
This  discrepancy  was  found  to  be  due  to  a  rise  in  voltage  in  the 
secondary  circuit,  owing  to  its  leakage  reactance  and  to  the 
charging  current  of  the  larger  voltmeter,  this  rise  having  no 
equivalent  in  the  tertiary  coil. 

The  primary  current  of  the  transformer  increased  from  2.9 
to  4.3  amperes  on  connecting  the  larger  voltmeter,  the  power 
input  of  the  primary  retmaining  practically  unchanged.  The 
arrangement  of  the  coils  in  the  transformer  has  already 
been  described  and  indicates  clearly  the  probability  of  leakage 
reactance  in  the  high-tension  winding  which  has  no  counter- 
part in  the  tertiary  coil  on  which  the  voltage  was  read. 

Calibration 
The  calibration  of  any  of  the  types  of  instrument  heretofore 
used  for  measuring  crest  voltages  has  always  been  an  uncertain 
factor.  The  usual  method  has  been  comparison  with  a  standard 
needle  or  sphere  gap,  or  with  low- voltage  voltmeter  readings 
corrected  for  crest  factors.  But,  as  is  well  known,  both  types  of 
spark  gap  must  themselves  be  calibrated,  since  it  is  not  certain 
that  even  the  sphere  gap  will  break  down  at  a  voltage  which 
can  be  calculated  in  terms  of  the  separation  and  the  diameter 
of  the  spheres.  It  is  now  stated,  with  considerable  confidence, 
that  a  tertiary  coil  can  be  so  wound  in  a  high-tension  trans- 
former that  it  will  reflect  accurately  the  value  and  wave  form  of 
the  voltage  in  the  high-tension  winding.  While  this  may  be 
true,  the  evidence  is  still  lacking,  and  the  reason  is  that  there  is 
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no  certain  method  of  measuring  the  high-tension  voltage  di- 
rectly in  terms  of  laboratory  standards. 

It  is  the  opinion  of  the  authors  of  this  paper  that  the  desired 
standard  of  voltage  for  values  alcove  10,000  or  15,000  is  available 
in  the  corona  fonning  on  a  clean  wire  centered  in  an  outer  cylin- 
der. All  observers  are  now  agreed  that  corona  forming  voltages 
repeat  themselves  with  the  greatest  degree  of  accuracy  under 
the  same  conditions  of  temperature  and  pressure,  and  further, 
the  variations  due  to  temperature  and  pressure  are  now  under- 
stood. The  constants  which  give  the  actual  value  of  critical 
corona  voltage  for  a  given  size  wire  as  determined  by  different 
observers,  agree  very  closely.  It  would  appear  then,  that  the 
only  thing  necessary  to  fix  an  absolute  standard  of  high  voltage 
is  the  formation  of  a  committee  who  should  conduct,  under 
properly  considered  conditions,  a  series  of  experiments  for  the 
determination  of  the  figure  for  the  electric  strength  of  air  which 
could  be  used  as  a  standard.  This  quantity  is  undoubtedly 
a  definite  physical  constant,  and  it  is  only  necessary  to  eliminate 
all  source  of  error  in  experiment  to  determine  it  accurately. 

The  corona  voltmeter  as  already  described,  can  of  course, 
be  calibrated  by  exactly  the  same  means  which  are  used  for  the 
calibration  of  the  standard  spark-gaps.  In  view,  however,  of 
the  uncertainty  of  such  calibration,  the  authors  have  preferred 
to  compare  the  indications  of  the  instruments  with  values  of 
corona  forming  voltage  as  deduced  from  formula  (1),  in  which 
E  is  the  electric  intensity  at  the  surface  of  the  wire,  at  which 
corona  is  formed,  in  kilovolts  per  centimeter,  and  S  is  the  density 
factor  given  by  the  expression 

^    3.92  X/> 

^  273  +  /  ^^ 

in  which  p  is  the  pressure  in  cm.  of  mercury,  and  /  is  the  tem- 
perature in  centigrade  degrees.  The  constants  of  formula  (1) 
have  been  checked  a  number  of  times  by  one  of  the  authors. 
The  values  found  by  Peek  and  others  are  in  close  agreement. 
60,000-F(?//  Type,  In  Table  III,  are  given  the  results  of  ar 
series  of  observations  with  varying  pressures  on  the  smaller 
type  of  voltmeter.  The  readings  taken  were:  voltage  on  the 
tertiary  coil,  air  pressure,  as  measured  on  a  mercury  pressure 
gauge,  temperature  inside  the  tube,  and  oscillograms  of  the 
tertiary  coil  voltage  in  order  to  obtain  the  crest  factors.  The 
oscillograms  have  an  average  amplitude  of  2.2  cm.,  and  a  length 
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at  the  base  of  about  three  cm.  The  ordinates  were  measured  at 
distances  of  one  mm.  As  so  measured,  the  crest  factors  varied 
uniformly  between  1.45  and  1.44,  over  a  range  of  tertiary 
coil  voltage  from  20  to  45  volts  covering  the  range  of  observation. 
The  values  of  the  corona  surface  intensity,  as  observed   and 


TABLE  III. 
OBSERVATIONS     WITH     50.000     VOLTS     CORONA     VOLTMETER 


Pressure 

ter. 

Coil 

Grit,  suri 

.  intens. 

cm. 

Temp. 

volts 

volts  per  cm. 

deg. 

3 

Max. 

cent. 

volts 

Obs. 

Corr. 

Eff. 

Max. 

Obs. 

Gale. 

-    34 

43.5 

27 

0.569 

17.8 

25.9 

34.390 

34.200 

21.580 

-    33 

44.5 

27 

0.581 

18. 

26.2 

34,760 

34,800 

-    32.8 

44.7 

27 

0.584 

18.2 

26.4 

35.120 

34,940 

.... 

-    26.9 

50.6 

27 

0.661 

20. 

29.1 

38.600 

38.450 

-    26.4 

51.1 

26.5 

0.668 

20 

29.1 

38.600 

38.750 

24.200 

-    25.8 

51.7 

26.5 

0.676 

20.3 

29.5 

39.150 

39.120 

-    17.6 

60 

26.5 

0.785 

22.8 

33.1 

43.920 

43.760 

-    17.2 

60.3 

26.5 

0.789 

22.8 

33.1 

43.920 

43.920 

-    17. 

60.5 

26.5 

0.791 

22.9 

33.2 

.44.140 

44.000 

27.700 

-    11.8 

65.7 

26. 

0.861 

24.4 

35.4 

47.000 

47.300 

0. 

74.7 

26. 

0.979 

27. 

39.1 

51.950 

52.350 

0. 

74.7 

20.5 

0.997 

27.5 

39.8 

52.900 

53.150 

+   15. 

86.9 

20.5 

1.160 

30.7 

44.5 

59.020 

60.050 

37.100 

15.3 

87.2 

20.5 

1.164 

30.8 

44.6 

5S.220 

60.200 

25.2 

97.1 

21. 

1.294 

33.7 

48.8 

64.750 

65.600 

.... 

26.3 

98.2 

21. 

1.309 

34. 

49.2 

65.350 

66.200 

27.7 

99.6 

21. 

1.327 

34.4 

49.8 

66.050 

66.900 

41.500 

33.4 

105.3 

22. 

1.4 

35.9 

51.9 

68.900 

69.000 

34  2 

106.1 

22. 

1.410 

36.2 

52.3 

69.400 

70.000 

J8.3 

110.2 

23. 

1.460 

37.3 

53.9 

71.600 

72.400 

38.6 

110.8 

23. 

1.468 

37.5 

54.2 

71.900 

72,700 

45.100 

45.1 

117. 

23. 

1.549 

39.2 

56.6 

V  5,200 

76,000 

45.9 

117.8 

23. 

1.560 

39.5 

57.0 

75.700 

76,400 

.... 

53.1 

125. 

24. 

1.650 

41.5 

59.9 

79.500 

80.100 

54.2 

126.1 

24. 

1.664 

41.8 

60.3 

80,050 

80.700 

50.300 

56.7 

128.6 

24. 

1.697 

42.2 

00.9 

80.800 

82,000 

.... 

60.7 

132.6 

25. 

1.744 

43.5 

62.7 

88.260 

88.800 

.... 

61.9 

133.8 

25. 

1.760 

43.6 

62.9 

83.480 

84.500 

.... 

63.3 

135.2 

25. 

1.778 

44.0 

63.4 

84.700 

85.200 

52.800 

66. 

137.9 

26. 

1.807 

44.8 

64.6 

85.':  00 

86.400 

53.800 

also  as  calculated  from  the  expression  given  above  are  given  in 
the  last  two  columns  of  the  table.  In  Fig.  4  a  curve  is  drawn 
between  the  critical  surface  intensity  and  the  density  factor. 
The  solid  curve  gives  the  relation  as  calculated,  and  observed 
values  are  indicated  by  crosses.  It  will  be  observed  that  at 
higher  values  of  pressure  the  observed  values  are  slightly  lower 
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than  those  calculated.  This  is  partly  due  to  the  fact  that  the 
observations  were  taken  with  very  slowly-diminishing:  pressure 
owing  to  leaks  in  the  tube.    Much  time  and  trouble  was  saved 

by  closing  some  of  the  neces- 
sary openings  in  the  tube  with  ^ 
rubber  gaskets  instead  of 
sealing  them  permanently. 
These  gaskets  leaked  slowly 
at  the  high  pressures.  It  is 
also  possible  that  a  rise  in 
secondary  voltage  due  to  leak- 
age reactance  and  charging 
current  was  present  at  the 
higher  values  of  voltage. 

100,000- Fo//  Type,  The 
larger  type  of  instrument  has 
been  operated  with  a  number 
of   different   sizes  of   central 
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Fig.  4 — Calculated  and  Ob- 
served Values  of  Voltage  at  Dif- 
ferent Values  of  Air  Density 


conductor  and  through  the  range  of  pressure  between  65  cm.  and 
136  cm.  of  mercury  corresponding  to  a  range  of  voltage  between 
50,000  and  110,000  maximum  values.    Table  IV  gives  a  typical 

TABLE  IV. 
OBSERVATIONS   WITH   100.000  VOLT   CORONA  VOLTMETER 


Pressure 

Ter. 

coil 

Grit.  surf,  intens. 

cm. 

Temp. 

volts 

volts  per  err. 

dCR. 

3 

Max. 

Obs. 

COTT. 

cent. 

Eff. 

Max. 

Obs. 

cftlc. 

volts 

-    10.6 

64.7 

21.7 

0.861 

40.5 

60.7 

41.300 

43.150 

50.600 

-      6.4 

68.9 

21.7 

0.918 

42.4 

63.5 

43.250 

45.450 

53.000 

-      5.8 

68.9 

20.8 

0.920 

42.9 

64.3 

43,7.50 

45.500 

53.600 

0. 

74.7 

20.7 

0.996 

45.9 

68.8 

46.800 

48.650 

57.400 

+     6. 

80.7 

20.9 

1.076 

48.6 

73.0 

49.580 

51,800 

60.800 

11.3 

86.0 

21. 

1.146 

51.1 

76.6 

52,120 

54.650 

64,000 

16.2 

9i.O 

21.1 

1.212 

53.4 

80.8 

54,450 

57.400 

66,700 

21.1 

C6  0 

21   2 

1 .  278 

55.7 

83.5 

56.820 

59.850 

69.600 

27.6 

102.5 

21.3 

1.365 

58.4 

82.7 

59.600 

63.300 

73.000 

33.9 

109.0 

21.4 

1.451 

61.1 

91.6 

62.320 

06.550 

76.400 

67  7 

112.8 

21.5 

1.502 

62.9 

94.2 

64.150 

(>8.600 

78.600 

43.3 

118.5 

21.6 

1.676 

64.3 

96.5 

6.5.700 

71,350 

80,300 

48.2 

123.5 

21.7 

1.643 

65.9 

t8.7 

67,200 

74.050 

82.400 

56.7 

131.0 

21.8 

1.742 

68.5 

102.8 

69.800 

77.900 

85.600 

61.4 

136.7 

21.9 

1.818 

70.8 

106  1 

V2.100 

80.800 

88.500 

series  of  observations  with  a  steel  rod  0.635  cm.  in  diameter  as 
the  central  conductor.  The  table  also  contains  a  column  giving 
the  values  calculated  from  the  expression  for  the  critical  surface 
intensity  as  affected  by  temperature  and  pressure  to  which 
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reference  has  already  been  made.  The  ctirves  of  Fig.  5  show  the 
relation  between  the  critical  surface  intensity  and  air  density 
as  calculated  from  formula  (1)  and  also  values  as  estimated 
from  the  readings  of  the  voltmeter  on  the  tertiary  coil. 

As  will  be  noted,  with  ascending  values  of  air  density  and 
therefore  critical  voltage,  there  is  an  increasing  difference 
between  the  values  calculated  from  formula  (1),  and  those 
estimated  from  the  low-voltage  readings.  As  stated  earlier  in 
the  paper,  the  explanation  lies  in  a  voltage  rise  due  to  charging 
current  taken  by  the  capacity  of  the  larger  corona  voltmeter, 
and  the  leakage  reactance  of  the  high-tension  winding  of  the 
transformer,  which  is  not  proportionally  reflected  in  the  voltage 
at  the  terminals  of  the  tertiary  coil.  The  amount  of  this  rise 
would  evidently  be  greater,  the  greater  the  value  of  the  charg- 
ing current  of  the  voltmeter  tube; 
that  is,  the  higher  the  value  of  the 
impressed  voltage.  The  curve  of 
the  observed  values,  therefore, 
shows  values  lower  than  those 
actually  reached  at  the  high- 
tension  terminals.  In  the  case 
of  the  50 ,000- volt  instrument, 
owing  to  the  very  much  smaller 
capacity,  this  influence,  if  present 
at  all,  was  scarcely  noticeable. 

The  above  results,  therefore, 
with  the  larger  instnunent  are 
not  to  be  considered  as  an  attempt  at  calibration.  They  show 
rather,  that  in  applying  a  range  of  voltage  and  pressure  to  the 
instrument  to  test  its  value,  a  method  which  has  been  commonly 
relied  on  for  indicating  high-tension  voltages  in  transformers 
is  revealed  as  subject  to  large  error.  In  fact,  the  observations 
as  taken  constitute  a  conspicuous  example  of  the  value  of  the 
corona  voltmeter  in  checking  the  ratio  of  transformation  between 
the  tertiary  coil  and  the  high-tension  winding  of  a  transformer. 
The  only  open  question  is  the  accuracy  of  formula  (1),  and  this 
formula,  both  as  to  the  value  of  its  constants,  and  the  form  in 
which  the  values  are  related,  is  agreed  upon  with  only  slight 
divergence  among  many  experimenters. 

Aside  from  all  question  of  the  accuracy  of  the  above  deductions 
the  instrument  has  been  carried  through  a  range  of  voltage 
between  50,000  and  100,000  volts.    Particular  values  of  voltage 


Fig.  5  —  Comparison  of 
Voltage  as  Indicated  by 
Reading  on  Tertiary  Coil 
WITH  Calculated  Values  at 
Different  Densities  of  Air 
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as  indicated  by  the  instrument  on  the  low-tension  side,  and  by 
the  appearance  of  corona,  may  be  repeated  as  often  as  desired 
within  a  fraction  of  one  per  cent.  If  a  suitable  method  of  cali- 
bration can  be  devised,  a  calibration  curve  between  the  voltage 
and  pressure  may  be  drawn  giving  an  absolute  calibration  of 
the  instrument  in  terms  of  pressure  and  temperature. 

Method  op  Measurement  of  Voltage 

The  instrument  is  susceptible  of  usage  in  two  ways.  (1)  It 
may  be  set  for  a  given  voltage  and  the  applied  voltage  gradually 
raised  until  the  desired  value  is  reached,  as  indicated  by  the 
instrument,  or  (2)  with  an  unknown  voltage  applied  to  the 
terminals,  the  pressure  in  the  tube  may  be  gradually  lowered 
until  corona  appears. 

The  first  of  these  methods  would  be  that  commonly  used  in 
the  testing  of  insulation.  In  applying  this  method  the  necessary 
operations  are  as  follows:  Read  the  temperature  in  the  corona 
tube,  take  from  a  table  or  curve,  calculated  from  the  dimensions 
of  the  instrument,  the  value  of  pressure  which,  with  the  observed 
temperature,  corresponds  to  the  voltage  required.  Adjust  the 
pressure  to  this  value  by  means  of  a  hand  pressure  and  vacuum 
pump.  Gradually  raise  the  voltage  from  some  lower  value  until 
the  presence  of  corona  is  indicated  by  one  of  the  methods  already 
desaibed. 

Table  V  gives  the  values  of  pressure  for  the  50,000-volt 
instrument  for  voltages  between  20,000  and  50,000  at  tempera- 
tures between  10  deg.  and  30  deg.  cent.  The  values  have  been 
calculated  as  follows: 

The  inner  tube  having  a  diameter  9.51  cm.,  and  the  central 
rod  a  diameter  of  0.396  cm.,  it  may  readily  be  shown  that  for 
a  difference  of  potential  V  between  the  central  conductor  and 
the  outer  tube,  the  electric  intensity  at  the  surface  of  the  cen- 
tral conductor  is  1.593  F.  The  critical  corona  forming  surface 
intensity  as  calctdated  is  32  (8  -|-  0.665  V8).  Equating  the 
two  expressions  and  giving  V  any  desired  value,  we  obtain 
corresponding  values  of  6.  Formula  (2)  gives  the  value  of  h. 
Since  p  is  the  pressure  in  centimeters  of  mercury  and  /  is  the 
temperature  in  centigrade  degrees,  we  at  once  obtain  for  any 
observed  temperature,  a  pressure  to  which  the  tube  may  be 
adjusted  in  order  to  show  corona  at  the  particular  voltage  V 
for  which  p  has  been  calculated.  Obviously  a  series  of  curves 
can  be  drawn  to  take  the  place  of  the  table  if  desirec^.  .^.^^^  ^  GoOqIc 
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In  the  second  method  mentioned,  in  which  it  is  desired  to 
measure  the  value  of  an  unknown  voltage,  it  is  only  necessary 
to  run  the  pressure  in  the  tube  up  to  a  value  corresponding:  to 
a  voltage  known  to  be  above  that  to  be  measured.  The  pressure 
may  then  be  lowered  rapidly  by  allowing  the  air  to  escape  until 
corona  appears.  Having  approximated  the  voltage  by  this  means 
the  pressure  may  be  raised  again  above  the  value  at  which 
corona  appears  and  then  lowered  as  gradually  as  desirable 
in  order  to  establish  any  particular  degree  of  accuracy  of  obser- 
vation. The  table  of  pressures  as  described  above  may  also 
be  used  in  this  case.  In  using  this  method  it  is  inadvisable  to 
lower  the  pressure  by  any  considerable  amount  below  the  corona 
forming  pressure.  If  this  is  done  the  volume  of  corona  increases 
greatly,  which  may  result  in  spark -over,  and  which  if  allowed 
to  continue  will  make  it  necessary  to  clean  the  surface  of  the 
central  conductor. 

Pressures  may  be  read  if  necessary  on  an  ordinary  mercury 
gage.  If  this  is  done  it  is  also  necessary  to  read  the  actual 
value  of  the  atmospheric  pressure.  However,  pressure  gages 
are  available  which  read  absolute  pressure  directly,  thus  obvia- 
ting the  necessity  of  making  the  additional  observation  of  atmos- 
pheric pressiu-e. 

Permanence  of  Calibration 
It  is  well  known  that  the  condition  of  the  surface  of  the  central 
conductor  as  regards  inequalities  has  an  important  bearing  on 
the  sharpness  with  which  corona  will  appear.  Small  specks 
of  dirt  cause  regions  of  high  electric  intensity  which  form  sparks 
or  point  discharges  at  voltages  below  that  corresponding  to 
corona  for  the  smooth  conductor.  In  the  use  of  the  instrument 
as  described,  therefore,  it  is  important  that  the  central  conductor 
should  be  carefully  cleaned  before  insertion  into  the  outer  tube. 
No  special  difficulty  is  met  in  so  cleaning  the  surface  of  the 
wire  that  no  preliminary  sparks  appear  and  so  that  the  appear- 
ance of  corona  is  not  only  sharply  marked  but  may  be  repeated 
many  times  without  a  variation  in  the  value  of  the  correspond- 
ing voltage. 

Time  Tests.  In  order  to  test  the  possibility  of  the  repetition 
of  the  readings,  a  series  of  observations  were  taken  on  a  volt- 
meter differing  somewhat  from  those  described,  extending 
over  a  period  of  five  months.  This  voltmeter  was  open  to  the 
air  and  subjected  only  to  atmospheric  variations  of  the  den^ty. 
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Readings  of  the  corona  voltage  were  taken  four  or  five  times  a 
week  throughout  the  period,  and  showed  when  corrected  for 
temperature  and  pressure  a  maximum  deviation  of  six-tenths 
of  one  per  cent  from  the  calculated  value.  In  this  series  of 
observations  the  wire  was  cleaned  every  day  or  two. 

Permanence  of  Surface.  In  order  to  determine  whether,  and 
to  what  extent,  the  surface  of  the  wire  deteriorates  with  use, 
a  number  of  tests  were  conducted  on  brass,  nickel,  and  silver 
plated  rods  in  addition  to  copper  and  steel  rods  commonly 
used.  These  tests  consisted  of  the  running  of  the  instrument 
continuously  with  voltage  slightly  above  the  corona  forming 
voltage,  interrupting  the  run  at  intervals  to  see  to  what  extent 
if  any,  the  observed  corona  voltage  had  been  lowered.  One 
per  cent  excess  voltage  will  result  in  a  well  formed  corona, 
while  five  per  cent  excess  gives  one  of  marked  volume  and  sound. 
The  results  were  as  follows : 

Brass  rod,  0.234  cm.  diameter,  primary  voltage  at  start  61.2; 
run  for  44  minutes  at  one  per  cent  excess  voltage  with  a  number 
of  intermediate  readings.  Corona  voltage  at  end  of  test  61 
volts,  a  change  of  about  one-third  of  one  per  cent. 

Nickel  plated  rod,  0.24  cm.  diameter,  voltage  at  start  61.5, 
run  for  48  minutes,  at  one  per  cent  excess  voltage  with  inter- 
mediate readings,  voltage  at  end  61.1  volts  a  decrease  of  less 
than  two-thirds  of  one  per  cent. 

Silver  plated  rod,  0.24  cm.  diameter,  corona  voltage  at  start 
61.5,  run  for  42  minutes  and  from  one  to  5  per  cent  excess 
voltage,  with  intermediate  readings;  corona  voltage  at  end  of 
test  61.5  volts,  thus  showing  no  deterioration. 

The  lowering  of  corona-forming  voltage  in  the  first  two  of  these 
wires  is  in  a  great  measure  accounted  for  by  the  elevation  in 
temperature  in  the  tube  due  to  the  presence  of  corona  and  is 
not  all  due  to  deterioration  of  the  surface.  Thus  in  the  case  of 
the  brass  wire  the  temperature  rose  during  the  test  from  23.9 
to  25.2  deg.  In  the  case  of  the  nickel  rod  the  temperature  rose 
from  25.4  to  26.5  deg.  In  the  case  of  the  silver  rod  the  rise  in 
temperature  was  only  from  26.9  to  27.3  deg.  The  conclusion 
from  these  tests  therefore,  is  that  the  life  of  any  polished  conductor 
for  the  purpose  of  observing  corona  should  be  quite  long  for 
any  material  which  does  not  oxidize  freely  in  the  air. 

It  is  quite  obvious  that  the  design  of  the  corona  voltmeter 
as  already  described,  permits  the  ready  removal  of  the  central 
conductor  in  case  it  should  be  suspected  that  the  surface  is  not 
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dean.  The  use  of  the  telephone  as  a  detector  indicates  very 
promptly  the  presence  of  any  single  points  of  discharge,  such 
points  having  a  characteristic  sound  in  the  telephone  which 
4s  quite  different  and  of  a  very  much  lower  intensity  than  that 
corresponding  to  full  corona. 

Dimensions 

The  dimensions  of  the  corona  voltmeter  are  apparently  deter- 
mined by  three  factors;  the  diameter  of  the  corona  tube,  the 
length  of  this  tube,  and  the  requirements  of  insulation  of  the 
connection  to  the  central  conductor  where  it  passes  through 
the  ends  of  the  outer  or  pressure  cylinder. 

The  diameter  of  the  corona  tube  is  largely  determined  by 
the  maximum  voltage.  It  has  a  simple  well-known  relation  to 
the  diameter  of  the  inside  cdhductor  for  any  particular  value  of 
corona  forming  voltage.  The  most  advantageous  relation  of 
these  two  diameters  has  not  yet  been  determined.  For  example, 
no  direct  study  has  been  made  of  the  increase  that  is  possible 
in  the  diameter  of  the  central  conductor  before  the  formation 
of  corona  is  coincident  with  that  of  spark-over.  For  smaller 
sizes  of  conductor  it  is  possible  to  raise  the  voltage  by  consid- 
erable amount  above  that  at  which  corona  starts  without 
restdting  spark-over.  With  increasing  diameter  of  conductor, 
however,  this  possible  range  above  corona  voltage  becomes 
narrower.  From  a  number  of  indirect  observations,  the  present 
experiments  seem  to  indicate  that  a  ratio  of  diameters  of  the 
inner  conductor  to  outer  cylinder  greater  than  0.1  is  apt  to  be 
attended  by  spark-over.  These  observations  have  largely 
determined  the  sizes  of  central  conductor  which  have  been  used 
in  the  two  instruments  described  above. 

The  length  of  the  interior  or  corona  cylinder  may  be  consid- 
erably less  in  each  case  than  those  adopted  in  the  two  types  of 
instrtiment  as  described.  In  order  to  determine  the  length 
absolutely  necessary  a  number  of  experiments  have  been  made 
on  tubes  of  the  same  diameter  but  of  varying  lengths,  under 
atmospheric  conditions.  With  tubes  6.35  cm.  in  diameter  and 
rods  0.317  cm.  in  diameter,  observations  of  corona  voltage  were 
made  with  tubes  of  lengths  four,  two,  one  and  five  tenths,  and 
one  diameters  in  length.  The  observations  show  that  with 
decreasing  length  there  was  no  perceptible  rise  in  the  corona 
voltage  until  two  diameters  of  length  was  reached.  For  this 
length  there  was  an  apparent  rise  in  the  corona  voltage  of  about      j 
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one-half  of  one  per  cent;  for  one  and  one-half  diameters  a 
rise  of  about  one  per  cent,  and  for  one  diameter  of  length  corona 
voltage  was  about  three  per  cent  higher  than  for  tubes  of  lengths 
four  or  more  diameters. 

It  should  be  noted,  however,  thit  the  use  of  the  galvanometer 
as  the  indicating  instrument  requires  a  longe?  inner  tube  in  order 
to  make  available  a  sufficient  amount  of  ionization  for  the  de- 
flection of  an  instrument  of  ordinary  sensitivity.  There  are 
obvious  advantages  in  the  use  of  a  galvanometer,  and  it  is 
our  opinion  that  on  this  account  it  is  not  advisable  to  attempt 
a  corona  tube  shorter  than  three  diameters. 

The  requirements  of  insulation  of  the  leading-in  conductors 
add  the  greatest  proportion  to  the  length  required  for  the  whole 
instrument.  The  conditions  here  are  much  the  same  as  at  the 
leading-in  terminal  bushings  of  a  transformer.  The  inner  end 
of  such  a  bushing  can  be  brought  fairly  close  to  the  inside 
cylinder  but  must  not  disturb  the  distribution  of  the  electric 
field  within  that  cylinder  nor  introduce  any  regions  of  higher 
intensity  outside  the  cylinder. 

The  observations  on  the  two  instruments  as  described  indi- 
cate that  it  would  not  be  possible  to  reduce  the  dimensions  of 
the  smaller  type  without  limiting  its  range.  The  larger  type, 
however,  is  unnecessarily  large  in  every  direction.  The  outer 
cylinder  can  be  reduced  somewhat  in  diameter  as  can  also  its 
length  without  modification  of  the  interior  corona  cylinder  and 
central  conductor.  The  interior  cylinder  can  also  be  reduced 
somewhat  in  length  without  seriously  inpairing  the  accuracy 
of  the  reading  of  the  indicating  instrument.  Apparently  it 
should  be  possible  to  construct  a  corona  voltmeter  for  100,000 
volts  with  an  over  alj  length  of  about  two  meters  and  a  maximum 
outside  diameter  of  45  to  50  cm. 

The  question  of  the  extreme  reduction  of  the  dimensions  of 
instrument  as  well  as  that  of  direct  calibration,  can  only  be 
determined  by  further  investigation.  It  is  the  hope  of  the  authors 
to  carry  forward  such  investigations.  The  present  paper  has 
as  its  principal  object  to  show  that  it  is  possible  to  construct 
and  operate  a  voltmeter  based  on  the  corona  principle,  which 
possesses  an  absolute  calibration,  a  wide  range,  a  high  degree  of 
constancy,  and  several  other  advantages  over  existing  instru- 
ments for  the  reading  of  high  voltage.  Thanks  are  extended  to 
Dr.  W.  B.  Kouwenhoven  and  Mr.  W.  S.  Brown  for  their  assist- 
ance with  the  oscillograms  and  in  other  particulars  throughout 
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Summary 
The  following  conclusions  seem  to  be  justified  by  the  experi- 
ments which  have  been  described: 

1.  An  instrument  making  use  of  the  appearance  of  corona  as 
an  indication  of  the  maximum  value  of  alternating  voltage 
has  been  devised  and  constructed  in  two  sizes  for  ranges  20,000 
to  50,000  volts  and  40,000  to  100,000  volts  respectively. 

2.  The  principle  of  operation  depends  on  a  natural  constant 
and  the  calibration  of  the  instrument  is  definitely  determined 
by  its  dimensions.  This  calibration  may  be  supplemented  by 
calibration  with  any  existing  standards. 

3.  In  setting  for  different  voltages  no  alterations  in  dimensions 
nor  other  manipulation  is  necessary.  Variations  in  setting  re- 
quire changes  in  air  pressure  only.  The  necessary  changes  may 
be  effected  with  a  hand  pump. 

4.  Three,  and  if  necessary,  four  means  of  observing  the  indi- 
cations of  the  instrument  are  described.  They  may  be  used 
simultaneously,  thus  serving  as  checks  upon  each  other. 

5.  No  spark-over,  nor  arc,  nor  energy  consumption  occurs  in 
the  operation  of  the  instrument. 

6.  No  series  resistance  nor  condensers  are  necessary  to  its 
operation. 

7.  Observations  may  be  repeated  rapidly  and  any  number 
may  be  taken  with  one  setting. 

8.  The  calibration  is  within  wide  limits,  independent  of  wave 
form  and  frequency.  It  is  also  independent  of  electrostatic 
influence  of  neighboring  conductors  and  objects. 

9.  It  is  readily  constructed  in  portable  form. 

Johns  Hopkins  University,  Laboratory  of  Electrical  Engineering. 
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Discussion  on  "Thb  Corona  Voltmeter'*  (Whitehead-Pul- 
lbn),  Cleveland,  Ohio,  June  29,  1916.  (See  Proceed- 
ings FOR  June,  1916.) 

L.  W.  Chubb:  Dr.  Whitehead's  paper  brings  before  us  a  new 
standard  voltmeter  which  I  think,  if  all  the  irregularities  can  be 
taken  out  of  it,  should  displace  the  sphere  gap  as  the  primary 
standard.  There  is  some  doubt  as  to  the  practicability  of  the 
scheme  for  a  working  or  secondary  standard. 

In  the  earlier  papers  Dr.  Whitehead  has  given  us  an  idea  of 
the  sharp  indications  of  the  appearence  of  corona  and  his  Table 
I  in  the  present  paper  certainly  is  an  exhibit  of  remarkable 
observations  by  three  different  methods;  and  we  are  to  under- 
stand that  the  fourth  method  also  checks  equally  well.  The 
structure  has  a  great  advantage  over  the  sphere  gap,  in  that  it 
is  independent  of  extraneous  objects.  Dirt  specks,  oil,  etc.,  to  a 
certain  extent,  affect  both  types  of  meters  but  the  enclosed  wire 
is  less  apt  to  have  dirt  settle  on  it. 

Several  other  schemes  for  crest  voltmeters  have  been  described 
in  the  Transactions  and  I  have  had  experience  with  all  of  them, 
including  the  Ryan  type  of  corona  voltmeter.  One  of  the  old 
students  of  Prof.  Ryan  set  up  a  cone-shaped  corona  voltmeter 
in  the  laboratory  several  years  ago,  and  tests  showed  that  the 
indication  of  transients  was  its  greatest  advantage.  When  a 
surge  in  voltage  would  come,  you  could  see  the  corona  shoot 
toward  the  large  diameter  end  of  the  cone.  As  a  practical  in- 
stnunent,  however,  and  for  indications  of  steady  voltage  it  did 
not  seem  to  be  a  success.  In  all  our  experience,  the  scheme  which 
was  reported  in  my  paper  at  the  midwinter  convention  last  Feb- 
ruary, we  still  believe  is  the  most  practical  and  the  best  for  all 
around  testing. 

I  would  like  to  ask  Dr.  Whitehead  a  few  questions  in  regard 
to  the  paper.  In  the  first  place  he  speaks  of  not  having  an  ab- 
solute method  of  calibration,  and  points  out  that  the  value  of 
the  instrtmient  depends  upon  a  calibration,  which  can  be  ac- 
cepted universally.  At  the  present  time  the  calibration  depends 
upon  an  empirical  formula  for  the  electric  strength  of  air.  I 
believe  if  the  method  of  calibration  is  used,  that  was  presented 
in  our  1913  paper,  the  author  will  obtain  great  satisfaction, 
because  it  is  an  absolute  method  which  works  from  the  high- 
tension  side  and  depends  only  on  a  current  or  potential  standard 
and  the  physical  dimensions  of  a  guard-ring  air-condenser. 

The  crest-factor  calculations  in  the  paper  are  carried  out  too 
far.  I  have  found  that  it  is  very  hard  to  calculate  crest  factors 
accurately  with  small  amplitude  oscillograms,  and  unless  a  vol- 
tage measiiring  method  is  used  which  derives  voltage  from  the 
high-tension  winding  and  corrects  for  the  crest  factor,  there  may 
be  an  appreciable  error. 

I  was  surprised  at  the  inaccuracy  of  the  tertiary  coil  in  the 
tests.     It  was  more  than  is  usually  to  be  expected  and  the  d^- 
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ference  between  tertiary  voltage  and  calculated  voltage  should 
have  been  checked  by  tests  with  parallel  variable-load  reactance. 
I  would  ask  whether  humidity  has  any  effect  on  the  results  and 
whether  there  is  any  appreciable  error  in  reading  the  air  tem- 
perature inside  of  the  tube  It  seems  to  me  that  the  adiabatic 
expansion  and  compression,  due  to  rapid  change  in  pressure,  will 
cause  temperature  changes  which  cannot  be  followed  by  a  slug- 
gish thermometer.  I  wotdd  suggest  that  a  test  be  made  to 
measure  the  same  voltage,  first  by  holding  the  voltage  constant 
and  letting  out  the  air,  then  by  holding  the  pressure  constant 
and  raising  the  voltage. 

I  would  ask  whether  improper  centering  and  vibration  of  the 
wire  will  affect  the  calibration,  and  whether  the  author  wotdd 
expect  two  voltmeters  built  to  the  same  specifications  with  the 
usual  workshop  precision,  to  check  accurately 

Clayton  H.  Sharp:  It  seems  clear  to  me  that  Dr.  Whitehead 
has  given  us  a  splendid  instnunent,  which,  although  the  exact 
value  of  the  constant  may  not  be  known,  is  superior  to  anything 
we  have  now  for  the  purpose  of  standardizing  high-voltage 
measurements.  It  may  tiot  make  an  everyday  working  instru- 
ment, perhaps  for  the  same  reason  that  the  Siemens  electro- 
d3mamometer  is  not  a  good  working  instrument;  that  is,  that 
it  requires  an  extra  manipulation  to  give  a  reading,  namely  an 
adjustment  of  the  pressure  of  the  air.  Hence  it  is  not  so  quick 
as  a  direct-reading  instrument  might  be,  but  as  a  standard 
instrument  it  seems  to  leave  little  to  be  desired,  when  once  the 
correct  value  of  the  constant  in  the  equation  has  been  determined. 

James  R.  Craighead;  We  should  give  Dr.  Whitehead  credit 
for  the  procedure  he  pursued  in  the  development  of  this  instru- 
ment. It  was,  in  the  first  place,  simply  an  instnunent  used  in 
air,  and  without  special  standardization  of  conditions  other  than 
the  exact  dimensions  of  the  physical  apparatus.  In  its  present 
form,  it  shows  a  degree  of  accuracy  which  should  be  amply 
satisfactory  for  its  use  as  a  standard,  and  the  reason  for  that 
accuracy  is  the  fact  that  the  conditions  have  been  so  carefully 
controlled. 

One  further  point — ^as  soon  as  you  inclose  a  high- voltage  con- 
ductor and  have  corona  develop,  there  is  an  ionization  of  the 
air,  which  is  used  as  an  indication  of  the  actual  development  of 
corona.  On  some  instruments  of  a  somewhat  similar  character, 
I  have  observed  that  a  certain  amount  of  that  ionization  remains 
for  a  considerable  period  of  time  in  the  enclosed  air,  and  I  should 
like  to  ask  Dr.  Whitehead  whether  he  has  any  difficulty  in 
repeating  immediately  and  frequently  successive  observations 
within  this  enclosed  chamber  without  any  device  for  ventilating 
in  order  to  produce  air  that  is  free  from  ionization. 

The  point  that  Mr.  Chubb  mentioned  in  regard  to  the  change 
of  temperature  that  is  associated  with  change  of  pressure,  seems 
to  me  to  be  especially  important.  If  we  are  to  measure  a  voltage 
by  the  use  of  an  air  pressure,  we  are  going  to  pump  air  at  a  de- 
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finite  temperature  into  a  cylinder,  and  then  a  change  of  tem- 
perature will  be  going  on  within  the  cylinder  to  some  extent 
as  the  pressure  duninishes,  and  an  accurate  record  of  the  tem- 
perature at  the  moment  when  the  corona  appears  might  be 
diffctdt  to  obtain. 

C.  Francis  Harding:  The  paper  presented  by  Dr.  Whitehead 
marks  another  signal  advance  toward  the  much  desired  primary 
standard  for  high- voltage  measurement  to  supersede  the  needle 
and  sphere  spark  gaps. 

In  analyzing  this  problem  of  the  measurement  of  high  voltages 
care  shotdd  be  exercised  not  to  confuse  methods  suitable  for 
fairly  accurate  practical  measurements,  with  the  requirements 
of  a  primary  standard  of  voltage.  A  primary  standard,  if  I 
imderstand  the  term  aright,  shotjJd  be  based  upon  fundamental 
laws,  a  knowledge  of  which,  together  with  the  constants  of  design 
of  the  apparatus  will  enable  such  a  primary  standard  voltage 
to  be  reproduced  under  any  local  conditions  which  may  exist. 
This  is  not  possible  with  the  needle  spark  gap  and  there  is  prob- 
ably some  error  in  the  hypothesis  and  therefore  in  the  values  of 
calculated  voltages  for  the  sphere  gap.  Several  investigators 
have  pointed  out  the  rather  large  errors  possible,  due  to  varying 
local  conditions  such  as  foreign  matter  upon  the  spheres,  dis- 
torted electrostatic  field  between  spheres,  effects  of  varying  air 
pressure,  temperature,  htimidity,  frequency,  etc.  Furthermore 
the  present  dual  standard  of  needle  and  sphere  gaps  for  use  below 
and  above  50  kv.  respectively  is  particularly  objectionable  since 
the  two  standards  can  not  readily  be  made  to  coincide  at  the 
transition  point  where  both  should  be  correct.  Such  a  method 
gives  only  an  instantaneous  indication  of  the  voltage  and  the 
measurement  itself,  by  means  of  the  spark-over,  is  quite  likely 
to  disturb  the  circuit  to  such  an  extent  as  to  prevent  the  main- 
tenance of  the  desired  .voltage  in  the  circuit,  not  to  mention  the 
impossibility  of  a  permanent  indication  of  the  same.  Both 
spark-over  methods,  although  valuable  for  practical  tests  are 
unsuited  for  use  as  permanent  primary  standards. 

The  application  of  a  definite  ratio  of  transformation  either 
from  a  constant-potential  transformer  or  from  a  voltmeter  coil 
of  a  high-voltage  transformer  to  the  present  primary  standard 
of  voltage  has  apparently  been  used  for  practical  measurements . 
with  considerable  accuracy.  I  do  not  see  that  one  can  ever  hope 
to  use  it  however  as  a  high-voltage  standard,  since  it  is  depen- 
dent upon  the  condition  that  this  coil  inclose  the  average  flux 
of  the  secondary  coils  imder  all  conditions  of  load  and  power 
factor.  While  this  condition  may  be  closely  approximated  by 
carefully  locating  the  voltmeter  coil,  one  would  not  feel  safe  in 
predetermining  such  a  ratio  from  design  data.  There  is  no 
way  to  prove  that  such  a  calculation  is  accurate  save  by  the  spark 
gaps,  and  the  latter  have  been  in  turn  based  upon  the  ratio 
method  in  the  first  place.  In  the  paper  imder  discussion  con- 
siderable error  has  been  reported  for  one  particular  placing  of 
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the  coil.  The  speaker  has  found  it  necessary,  in  the  determina- 
tion of  corona  losses  upon  transmission  lines,  where  the  volt- 
meter coil  was  used  as  a  convenient  intermediate  agent,  to  plot 
calibration  curves  between  standard  volts  determined  by  the 
present  sphere-gap  standard,  and  voltmeter  coil  readings  for 
each  change  of  secondary  connections.  For  example,  the  ad- 
dition of  800  feet  of  No.  4  B  &  S  transmission  line  with  a  12- 
foot  spacing  will  offer  sufficient  capacity  at  180  kv.  to  cause  the 
actual  ratio  curve  to  depart  8  per  cent  from  the  straight  line 
calculated  from  the  constant  ratio  which  is  accurate  at  lower 
voltages.  In  this  transformer  the  voltmeter  coil  is  made  up  in 
two  parts,  each  of  diameter  of  the  average  secondary  coil  and  so 
placed  as  to  inclose  as  nearly  as  can  be  predetermined  the  average 
flux  of  the  secondary.  This  error  is  about  the  same  as  that  re- 
ported by  Dr.  Whitehead  for  the  voltage  coil  method  with  the 
capacity  of  the  100-kv.  corona  voltmeter  in  circuit. 

In  looking  further  for  possible  primary  voltage  standards  it 
would  seem  logical  to  investigate  the  possibilities  of  making  use 
of  the  force  action  in  a  uniform  electrostatic  field  just  as  our  low- 
voltage  instruments  make  use  of  uniform  electromagnetic  fields. 
The  former  are  quite  as  readily  produced  at  high  voltage  as  are 
the  latter  at  low  voltages. 

In  a  written  discussion  of  the  paper  on  "Crest  Voltmeters", 
the  speaker  outlined  briefly  some  work  by  Messrs.  Phelps, 
Wright  and  Holman  carried  on  during  the  last  two  years  at 
Purdue  University  upon  the  use  of  force  action  between  parallel 
plates  at  high  voltages,  in  which  the  theoretical  calculated  con- 
stant ratio  between  voltage  and  distance  between  plates  for 
a  constant  force  action  was  very  closely  checked  in  actual  tests. 
This  apparatus,  constructed  upon  the  principle  of  the  Kelvin 
attracted  disc  electrometer,  may  have  some  possibilities  as  a 
primary  standard  for  high  voltages,  although  not  suitable  for 
use  in  a  portable  secondary  voltmeter. 

Another  investigator,  Mr.  L.  L.  Bouton,  also  of  Purdue  Uni- 
versity, has  this  year  shown  conclusively  that  there  is  little  of 
value  to  be  expected  from  an  instrument  based  upon  the  attrac- 
tion between  metal  spheres  of  large  size,  for,  although  test 
values  can  be  reproduced  more  readily  and  are  probably  less 
influenced  by  local  conditions  than  the  spark  gap,  yet  accurate 
theoretical  determination  of  the  field  and  the  resulting  force 
action  between  spheres  is  very  difficult  when  the  diameters  of 
the  spheres  are  large  with  respect  to  the  distance  between  their 
centers. 

The  paper  under  discussion  presents  another  apparently  very 
fertile  field  for  the  study  of  possible  high-voltage  standards. 
Although  many  factors  are  involved  which  should  and  probably 
can  be  readily  held  constant  in  such  an  instnunent,  this  apparatus 
has  the  advantage  of  several  check  readings  for  determining 
the  critical  voltage.  It  would  seem  also  that  if  the  dielectric 
strength  of  air  under  specified  conditions  were  standardized, 
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that  this  method  of  determining  voltages  would  be  entirely 
reproducible. 

I  wish  to  emphasize  as  forcibly  as  I  may,  the  importance  of  the 
early  study  of  this  problem  of  high-voltage  standards  by  the 
proper  conmiittee  of  the  Institute.  The  use  of  high  voltages 
has  become  so  general  that  we  must  have  something  more  de- 
finite to  use  as  a  reference,  a  standard  which  may  be  reproduced 
at  any  time  with  any  local  conditions,  guaranteeing  a  test  vol- 
tage determined  by  the  use  of  proper  constants  calculated  from 
the  dimensions  of  the  apparatus  involved  and  the  fundamental 
laws  of  the  electric  and  magnetic  circuits. 

F.  W.  Peek,  Jr.:  I  have  heard  a  great  many  arguments  for 
and  against  the  various  methods  of  measuring  high  voltages. 
It  is  generally  a  question  of  which  method  is  most  convenient 
and  most  adaptable  to  any  given  investigation.  All  of  the 
methods  discussed  have  their  advantages  and  disadvantages. 
In  investigating  high  voltages  of  extremely  short  duration, 
durations  in  the  order  of  a  millionth  of  a  second,  I  have  found 
the  sphere  gap  necessary.  When  the  sphere  gap  is  properly 
used,  it  is  not  difficult  to  use  it  in  that  way,  it  will  measure 
correctly  a-c.  voltages,  d-c.  voltages,  and  transient  or  lightning 
voltages.  I  will  not  say  more  about  the  measurement  of  tran- 
sient voltages  here,  but  will  refer  you  to  my  paper  read  in  San 
Francisco,  September  1915.  This  paper  also  gives  the  charac- 
teristics of  transient  corona  produced  by  voltages  lasting  only 
one-millionth  of  a  second;  it  is  possible  to  see  this  corona  and 
to  detect  whether  the  wire  is  positive  or  negative. 

Jacob  Kunz:  It  is  possible  to  add  still  another  instrument 
to  measure  d-c.  or  a-c.  voltages.  Dr.  Whitehead  has  used  the 
electroscope,  the  galvanometer,  and  the  telephone.  It  is  pos- 
sible still  to  add  to  those  corona-measuring  devices  an  instru- 
ment which  directly  indicates  pressure,  because  as  soon  as  the 
corona  starts,  either  d-c.  or  a-c.  corona,  the  pressure  increases 
noticeably  and  measureably.  It  is  very  easy  in  the  case  of  air 
with  voltages  only  as  high  as  10,000  volts  to  get  an  instantaneous 
increase  of  the  pressure  to  say  3  cm.  of  mercury.  This  new  volt- 
meter, which  is  based  on  the  increase  of  the  pressure  due  to  the 
corona  itself,  is  very  accurate,  and  we  have  found  recently  you  can 
use  this  increase  of  pressure  by  means  of  an  aneroid  barometer  to 
measure  voltage  or  current;  the  positive  corona  current,  at  least 
being  proportional  to  the  increase  of  the  pressure,  so  that  by 
an  aneroid  barometer,  one  can  also  measure  currents  and  poten- 
tial differences. 

This  brings  out  a  precaution  which  has  been  taken  in  this 
instrument  of  Dr.  Whitehead's,  namely,  that  it  uses  change 
of  pressure  in  order  to  find  the  starting  point  of  the  corona, 
but  when  the  corona  starts,  then  the  corona  itself  changes  its 
pressure.  There  is  a  reaction  of  the  pressure,  as  the  corona 
increases  the  presstire  itself  increases,  and  if  you  keep  the  corona 
going,  in  a  little  while  heat  will  be  developed,  which  has  to  be 
taken  into  accotmt  also. 
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Concerning  the  constants  of  the  formulas — we  have  thirty- 
two  in  the  formula  of  Whitehead,  and  a  different  constant  in  the 
formtda  of  Peek. 

I  think  a  careful  investigation  should  be  made  into  these 
constants,  because  Farwell  found  that  these  characteristic 
constants  in  the  corona  are  distinctly  different  for  positive  and 
negative  corona. 

Then  it  has  just  been  mentioned,  that  the  a-c.  corona  for  high 
frequency  is  different  from  the  a-c.  corona  for  low  frequency, 
or  d-c.  corona;  indeed,  you  can  make  experiments,  and  if  you 
use  d-c.  corona  and  introduce  only  a  little  spark  gap  of  a  mm., 
or  half  a  mm.,  then  the  visual  phenomenon  of  the  corona  is  en- 
tirely changed  and  the  characteristics  also  are  very  much  changed. 
So  far  as  I  understand  Townsend  and  Watson,  they  always 
used  spark  gaps  in  connection  with  the  corona,  and  through 
these  spark  gaps  the  nature  of  the  visual  corona  is  entirely 
changed;  for  instance,  in  a  d-c.  corona  with  the  spark  gap,  the 
positive  wire  is  surrounded  by  a  uniform  glow  and  the  rest  of 
the  tube  is  dark.  If  a  spark  gap  is  introduced,  however,  the 
whole  corona  is  filled  with  streams  of  light,  which  are  separated 
from  each  other,  and  in  some  cases  they  are  very  uniform  and 
the  whole  tube  glows  uniformly. 

Corona  asstunes  quite  a  different  character,  for  instance, 
in  the  case  of  hydrogen.  Experiments  have  been  made  in  our 
laboratory  on  corona  in  hydrogen  and  other  gases,  and  the  char-  ' 
acteristics  between  positive  and  negative  corona  are  entirely 
different.  They  do  not  resemble  each  other-^one  is  a  contin- 
uous and  the  other  is  a  discontinuous  corona,  and  the  negative 
corona  appears  in  the  form  of  beads,  while  the  positive  corona 
is  uniform.  In  this  case,  the  difference  between  positive  and 
negative  corona  in  hydrogen,  is  so  great  that  the  hydrogen  corona 
tube  can  be  used  as  a  rectifier.  We  have  been  able  to  rectify 
voltages  up  to  10,000,  and  there  is  no  reason  why  we  should 
not  be  able  to  rectify  100,000  volts. 

John  B.  Taylor:  Can  the  method  of  determining  corona 
formation  by  listening  for  soimd  in  a  telephone  receiver  be  used 
when  working  with  continuous  voltage? 

F.  W.  Peek  Jr.:  Some  years  ago  we  rectified  by  corona  in 
air.    A  full  description  of  this  is  given  in  an  Institute  discussion. 

J.  B.  Whitehead:  I  think  all  of  the  speakers  have  agreed 
that  our  instrument  has  some  promise  as  a  standard.  That  was 
our  chief  object.  Our  feeling  is  also  quite  pronounced  that  it 
will  also  be  a  working  standard,  but  we  are  quite  satisfied  at 
this  time  to  find  such  a  unanimity  of  feeling  that  there  is  here 
the  possibility,  at  least,  of  an  ultimate  standard  of  high  voltage. 

As  to  the  cone  shaped  wire  mentioned  first  by  Mr.  Chubb  and 
last  by  Dr.  Lloyd.  The  cone  shaped  wire,  in  giving  the  direct 
scale,  has  this  one  difficulty — that  the  presence  of  corona  causes 
a  slight  elevation  of  temperature.  This  slight  elevation  of  tem- 
perature means  that  corona  will  appear  at  a  lower  voltage,  so, 
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consequently,  if  you  use  the  cone  shaped  wire,  even  supposing 
you  hit  the  actual  voltage  immediately  by  seeing  the  point 
along  the  length  of  the  wire  at  which  it  comes  out,  that  position 
will  change  almost  at  once.  Corona  on  a  vertical  wire,  is  often  seen 
to  walk  up  the  wire,  owing  to  this  cause,  hence  the  diffictdty 
of  securing  anything  like  permanence  in  the  graded  diameter. 

As  to  the  determination  of  peak  factors,  the  general  conditions 
under  which  our  oscillograms  were  taken  are  described  in  the 
paper.  A  third  decimal  place  has  slipped  in,  as  a  result  of  taking 
an  average  of  several  values.  I  agree  with  Mr.  Chubb  that  it  is 
not  possible  to  measure  peak  factors  to  the  third  decimal  place. 
However,  the  gradual  variation  of  the  peak  factor  as  described 
in  the  paper  was  quite  obvious  in  our  determinations,  taken 
over  a  wide  range.  The  comment  is  quite  proper.  The  weakest 
point  in  the  determination  of  maximum  value  readings  of  voltage 
from  the  low-tension  side,  is  the  oscillogram. 

The  transformer  which  we  used  was  constructed  before' the 
engineers  who  are  interested  in  the  possibilities  of  the  tertiary 
coil  were  quite  as  certain  as  to  the  accuracy  attainable,  as  they 
are  now.  Having  consulted  them,  they  agree  that  the  design 
of  the  transformer  that  we  have,  as  regards  the  tertiary  coil, 
could  be  greatly  improved.  My  comments  on  that  point  are 
not  intended  in  any  sense  to  depreciate  the  present  day  value 
of  the  tertiary  coil,  as  a  means  of  measurement. 

As  regards  the  humidity  inside  of  the  tube,  if  you  allow  the  air 
in  a  corona  tube  to  expand  very  rapidly  through  an  orifice,  you 
will  undoubtedly  get  cooling  as  you  will  everywhere  in  the  rapid 
expansion  of  air,  and  you  will  also  have  condensation  of  moisture. 
In  our  experiments,  this  matter  is  readily  taken  care  of  by  pro- 
viding a  large  opening  for  the  air  and  letting  it  out  so  slowly  that 
you  do  not  get  appreciable  cooling  and  condensation.  By  pro- 
viding large  enough  openings,  the  air  can  be  changed  very  readily, 
and  you  can  get  as  uniform  a  distribution  of  temperature  as  you 
please.  The  temperature  is  measured  with  a  thermometer  inside. 
So  far  as  we  have  been  able  to  observe  we  have  not  found  any 
indications  that  this  is  a  serious  difficulty — ^indeed,  we  have  not 
observed  it  as  a  difficulty  at  all,  we  have  never  found  anything 
other  than  a  slow  change  of  one  or  two  degrees  throughout  the 
course  of  a  full  run. 

The  centering  of  the  wire  is  purely  a  mechanical  process. 
We  have  suitable  templates  for  the  inner  tube  of  the  voltmeter, 
as  shown  in  the  diagram,  and  these  templates  can  be  adjusted 
through  the  side  hole  which  is  large  enough  to  get  your  hand 
in,  and  by  looking  into  the  side  hole  at  right  angles  and  shifting 
the  template,  it  is  easy  to  determine  the  centering.  The  final 
centering  is  done  in  the  instrtmients  we  described  at  the  ends. 
The  holes  through  the  insulators  are  large  enough  to  give  us 
quite  three  or  four  mm.  in  any  direction,  and  this  is  found  to 
meet  the  situation. 

Mr.  Craighead  raises  the  question  about  ionization.     Some 
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• 
of  my  earlier  experiments  convinced  me  at  least,  although  not 
every  one.  that  the  normal  ionization  in  the  air  has  no  effect 
on  the  beginning  of  corona.  These  experiments  included  the 
location  of  radio-active  substances  in  the  neighborhood,  il- 
luminating the  wire  for  ultra-violet  light,  and  other  well  known 
sources  of  ionization,  so  that  there  was  no  lowering  of  corona 
voltage. 

On  opening  the  corona  voltmeter  after  prolonged  use,  there 
is  very  decided  evidence  of  ozone.  We  have  never  been  able  to 
detect,  however,  any  variation  from  the  calculated  values  of 
corona. 

With  reference  to  Prof.  Kunz's  very  interesting  description 
of  the  use  of  the  elevation  of  pressure  as  corona  detector  I  hope 
he  will  present  the  results  of  his  studies  in  that  direction,  so  that 
we  may  have  a  complete  aqcount  of  them.  I  would  like  to  call 
attention,  however,  to  the  fact  that  in  the  use  of  the  corona  volt- 
meter by  which  we  read  pressures  to  one-quarter  of  an  mm., — 
of  course,  we  could  read  them  more  closely,  but  that  is  quite 
sufficient  to  give  an  accuracy  of  less  than  one-half  per  cent — we 
have  never  detected  any  increase  in  pressure  due  to  the  presence 
of  corona.  That  does  not  mean  Prof.  Kunz  has  not  found  the 
increase  of  pressure,  but  we  are  working  on  the  threshold  ap- 
pearance of  corona  where  the  increase  of  pressiu'e  is  very  small. 
It  is  very  small  because  we  have  quite  a  large  volume  of  air  in 
the  corona  voltmeter,  and  it  is  only  the  initial  appearance  of 
corona;  consequently  there  is  a  generation  of  but  very- few  ions, 
considered  with  reference  to  the  number  of  molecules  in  the  whole 
volume  of  the  system.  The  use  of  elevation  of  pressure  as  the 
result  of  corona  would  seem  to  me  to  be  subject  to  this  very 
limitation  that  he  speaks  of  in  the  restdting  temperature.  Cer- 
tainly we  have  found  that  if  we  carry  the  voltage  above  the 
corona-forming  voltage,  five  or  ten  per  cent  above,  so  as  to  get 
a  large  corona,  changes  in  temperature  are  immediately  obvious, 
and  consequently  they  would  introduce  error. 

Prof.  Kunz,  I  am  sure,  will  be  interested  to  hear  that  we  have 
carried  out  some  d-c.  experiments  during  the  past  year,  in  which 
we  have  been  able  to  get  negative  corona  without  the  appearance 
of  beads,  and  I  believe  that  the  negative  corona  without  the 
appearance  of  the  beads  and  localized  spots  is  simply  a  question 
of  constancy  of  circuit  conditions  and  of  clean  surface.  That  is 
our  conclusion.  If  you  allow  negative  corona  to  remain  any  time, 
after  awhile  it  will  form  into  these  beads,  but  there  is  no  doubt 
that  negative  corona  can  be  obtained  without  the  localized 
sparks. 

As  to  Mr.  Taylor's  question — the  sound  given  out  by  the 
corona  is  not  the  note  corresponding  to  the  frequency  of  the  cir- 
cuit, it  is  entirely  due,  in  my  opinion,  to  indiscriminate  snapping 
sparks  over  the  minute  irregularities  of  the  surface  of  the  wire, 
irregularities  which  cannot  be  gotten  rid  of,  although  we  polish 
it  to  a  very  high  degree.    Therefore,  although  we  have  not  before 
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US,  the  account  of  our  experiments  on  the  sound  of  d-c.  corona, 
I  feel  sure  that  the  sound  could  be  used  there  also. 

Since  the  experiments  reported  in  the  paper,  we  have  compared 
the  corona  voltmeter  with  the  sphere-gap,  as  shown  by  Fig.  1. 
The  upper  solid  curve  is  the  calculated  corona  curve,  using  the 
formula  of  my  work,  namely  32,  for  the  first  constant,  or  0.518 
for  the  second.  The  long  dash  upper  line  is  the  curve  of  corona 
voltage  as  taken  from  Mr.  Peek's  formula,  namely,  31  for  the 
first,  and  the  second  constant  is  0.54.  The  curves  are  plotted 
between  kilovolts  per  centimeter  at  the  siuface  of  the  wire,  and 
the  range  of  atmospheric  change,  affecting  the  whole  range  of 
the  abscissa,  is  10  or  15  cm.  below  atmosphere,  to  45  or  50  cm. 
above  atmosphere,  so  that  this  is  a  rather  wide  range  of  air 
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density,  and  therefore  the  difference  between  Mr.  Peek's  con- 
stant and  my  own  appears  somewhat  intensified. 

Now,  then,  the  lowest  curve  with  the  cross  marks  gives  the 
observations  on  the  tertiary  coil  of  the  transformer. 

The  tables  shown  in  the  paper  give  the  accuracy  with  which 
the  low-tension  reading  can  be  repeated,  and  the  circles  with  the 
dots  represent  the  sphere  gap  readings,  all  these  measurements 
being  taken  on  a  12.5-cm.  sphere  gap.  The  readings  were  taken 
as  follows:  We  would  set  the  pressure  and  gradually  raise  the 
voltage  until  corona  appeared  with  the  spark  gap  in  paral- 
lel with  the  corona  tube,  set  to  a  value  which  we  knew  was 
too  great  for  spark-over.  Keeping  the  pressure  in  the  tube  con- 
stant we  would  repeat  over  and  over  again  the  corona  observa- 
tion, closing  the  sphere  gap  by  1/100  mm,  each  time.    Finally 
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we  came  to  a  voltage  value  in  which  the  sphere  gap  wotdd  let 
go  just  before  we  had  the  corona. 

The  interesting  point  about  the  curve,  it  seems  to  me,  is  that 
it  shows  that  the  calibration  of  the  spark  gap  and  Mr.  Peek's 
corona  values,  are  of  course,  coincident  because  they  are  based 
on  the  same  standards  and  methods  of  measurement.  The 
falling  of  the  tertiary  coil  observations  below  these  is  entirely 
due  to  the  construction  of  the  tertiary  coil.  The  variation  of  the 
spark-gap  determination  from  the  calculated  curve  would  not 
ordinarily  be  considered  great.  I  call  attention  to  the  irregulari- 
ties of  the  gap  readings  as  compared  with  those  of  the  corona, 
as  referred  to  their  respective  curves. 
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THEORY  OF  PARALLEL  GROUNDED  WIRES  AND 

PRODUCTION  OF  HIGH  FREQUENCIES  IN 

TRANSMISSION  LINES 


BY  E.  E.  F.  CREIGHTON 


Abstract  of  Paper 

The  overhead  grounded  wire  is  used  for  three  purposes: 
lightning  protection,  mechanical  support  for  towers,  and  a 
test  circuit.  The  functions  of  the  grounded  wire  are  subdivided 
into  at  least  four  categories:  First,  the  vertical  grounded  wire; 
second,  the  lightning  rod  extending  above  the  ground;  third 
the  electrostatic  induction  in  the  horizontally  situated  wires,  and 
fourth,  electromagnetic  induction. 

The  vertical  wire  prevents  splitting  of  the  poles.  The  light- 
ning rod  is  of  mooted  desirability.  The  electrostatic  induction 
for  a  given  doud  on  wires  under  various  conditions  is  worked 
out  in  this  paper.  There  is  given  also  the  protective  values  of 
overhead  grounded  wires  in  different  positions  and  in  different 
numbers.  The  effects  of  electromagnetic  inductions  have  been 
taken  into  account.  Theory  is  given  to  show  that  the  grounded 
wire  introduces  into  the  main  wave  of  induced  lightning  surge 
a  superposed  high  frequency  of  electromagnetic  induction. 

The  several  factors  to  be  taken  into  account  in  the  process 
of  determining  the  protective  value  of  a  grounded  wire  are  as 
follows : 

1.  Strength  of  electric  field  in  the  neighborhood  of  the  line 
wires. 

2.  The  direction  of  the  gathering  charge  in  the  cloud,  that  is 
the  path  of  the  discharge  relative  to  the  Ime.  parallel  or  perpen- 
dicular to  the  line  before  it  turns  vertically  downward  to  the 
earth. 

3.  The  screening  effect  obtained  by  the  use  of  several  wires, 
with  and  without  grounded  wires. 

4.  The  initial  momentary  potential  induced  on  a  wire  at  the  in- 
stant the  cloud  discharges  to  earth. 

5.  An  instant  after  the  lightning  discharge  has  taken  place,  the 
sudden  increase  in  capacitance  between  the  power  wire  and  the 
adjacent  parallel  grounded  wire. 

6.  The  effect  of  the  number  and  location  of  parallel  grounded 
wires. 

7.  The  effect  of  electromagnetic  induction  between  the  hori- 
zontal part  of  the  grounded  wire  and  the  parallel  power  wires,  in 
which  the  energy  of  the  lightning  charge  on  the  grounded 
wire  is  more  or  less  transferred  to  the  power  wire,  instead  of 
being  dissipated  in  the  earth.  High  frequencies  are  produced 
in  this  transformation. 

8.  The  gradual  transference  of  the  charge  which  travels 
along  the  power  wire  to  the  successive  sections  of  the  grounded 
wire  and  its  dissipation  in  the  earth. 

845 


Digitized  by 


Google 


846  CREIGHTON:  PROTECTIVE  DEVICES  [June  29 

A  cloud  charge  is  chosen  of  such  value  as  to  produce  corona 
potential  on  a  No.  000  B.  &  S.  wire,  strung  at  a  height  of  1000 
cm.  (33  ft.)  above  the  surface  of  the  earth.  This  storm  cloud  is 
used  as  a  standard  in  all  cases  for  comparison.  The  induced  volt- 
age on  any  wire  by  lightning  is  directly  proportional  to  the 
height  of  the  wire  above  the  earth.  The  induced  quantity  is 
not  quite  proportional  due  to  the  variations  in  the  capacitance 
of  the  wire  at  different  heights.  For  heights  between  30  and 
60  ft.  (9.1  and  18.2  m.),  however  the  quantity  can  be  considered 
as  approximately  proportional  to  the  height. 

The  quantity  induced  on  the  wire  is  only  slightly  affected  by 
the  diameter  of  the  wire.  This  leads  to  the  conclusion  that  a 
small  grounded  wire  is  nearly  as  effective  as  a  more  expensive 
large  one. 

The  theory  is  given  to  show  that  even  on  a  non-grounded 
circuit  a  charge  can  be  induced  by  a  cloud  and  produce  practi- 
cally the  same  potentials  as  when  the  circuit  is  grounded.  The 
only  exception  is  that  of  circuits  of  short  length. 

The  instant£lneous  value  of  induced  potential  on  a  circuit  is 
independent  of  the  number  of  wires  used.  Using  a  greater 
number  of  wires  reductes  the  quantity  per  wire  but  does  not 
decrease  the  instantaneous  value  of  the  potential  at  the  instant 
the  cloud  discharges  to  earth.  Even  the  grounded  wire  may 
take  the  full  potential  and  give  no  relief  at  the  first  instant. 
Whether  it  does  or  not  depends  upon  how  quickly  the  discharge 
takes  place  from  cloud  to  earth,  and  how  frequently  along  the 
line  the  grounded  wire  is  earthed.  There  is,  however,  a  screen- 
ing of  dectrical  energy  by  increasing  the  number  of  power 
wires.  In  other  words,  each  surge  has  less  energy  although  it 
has  not  initially  less  potential. 

There  is  given  a  table  of  the  reduction  of  quantity  per  wire 
as  the  wires  increase  in  number  from  one  to  seven. 

The  two  factors  in  the  electrostatic  protection  of  the  overhead 
grounded  wire  are  screening  and  increase  of  capacitance  of  line 
wires.  The  presence  of  the  grounded  wire  reduces  the  quantity 
induced  on  each  of  the  power  wires  and  incidentally  after  the 
cloud  discharges  to  earth  the  grounded  wire  takes  over  part  of 
the  charge  from  the  power  wires  and  in  taking  it  the  capacitance 
of  each  power  wire  is  increased.  Therefore,  with  the  same 
quantity  of  electricity  the  potential  is  reduced  by  this  increase 
in  capacitance. 

The  protection  afforded  by  one  parallel  grounded  wire  can 
be  expressed  as  a  very  simple  equation.  The  protection  for  each 
power  wire  can  be  calculated  entirely  independent  of  how  many 
there  are. 

The  general  equation  to  express  the  protection  afforded  by 
two  parallel  grounded  wires  is  more  complex  but  if  the  two 
grounded  wires  are  placed  far  apart  their  protective  values  can, 
with  only  a  small  error,  be  calculated  independently. 

As  the  charge  runs  to  earth  on  the  grounded  wire  at  the  instant 
the  cloud  discharges,  it  induces  on  the  line  wire  by  electro- 
magnetic induction  a  considerable  voltage  in  the  usual  conditions 
of  the  overhead  grounded  wire  with  low  resistance  in  the  earth 
connections  and  Irom  which  part  of  the  protection  afforded  by 
the  grounded  wire  is  lost  by  the  fact  that  the  energy  oscillates  in 
the  ground  circuit  and  is  transferred  to  the  power  wire. 

The  natural  frequency  of  this  wave  train  is  found  by  multiply- 
ing 183,000  miles  (300,000  km.)  per  second  by  the  number  of 
earth  connections  per  mile  of  grounded  wire.  The  frequency  is 
usually  over  a  million  cycles  per  second. 

Traveling  waves  are  more  or  less  absorbed  as  they  pass  each 
successive  loop  of  the  grounded  wire,  according  to  the  value  of 
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the  resistance  of  earth  connection.  In  any  case  an  endeavor 
should  be  made  to  have  the  resistance  in  the  earth  connection 
somewhere  near  the  critical  damping  value.  This  prevents 
initial  oscillations  in  the  ground  circuit  and  also  increases  the 
rate  of  absorption  of  a  traveling  wave. 

A  slight  amount  of  high  frequency  is  produced  in  a  circuit 
by  transposition  of  power  wires.  This  may  be  of  the  order  of 
2  per  cent  to  6  per  cent  of  the  main  voltage. 

The  general   deductions  for   practical   use   taken   from    the 
theory  given  are  as  follows:    From  a  theoretical  standpoint  a 
single  grounded  wire  should  be  placed  a's  near  as  practicable^ 
to  the  power  wire  in  order  to  get  the  greatest  electrostatic* 
protection.    The  grounded  wires  are  a  little  more  effective  when 
placed  above  a  power  wire  than  when  placed  below  it. 

In  installing  overhead  grounded  wires  the  greatest  advantage 
can  be  obtained  by  keeping  the  overhead  grounded  wires  as  far 
apart  as  possible,  that  is  to  say,  installed,  as  far  as  practicable 
on  opposite  sides  of  the  power  wires.  The  protective  value  of 
the  second  wire  will  then  have  its  full  maximum  possible  value. 
Also  from  the  electromagnetic  standpoint,  the  two  wires  should 
be  placed,  so  far  as  practicable,  on  opposite  sides  of  a  power  wire 
in  order  to  reduce  to  a  minimum  the  transfer  of  surge  energy  to 
the  power  wire. 

The  most  practicable  condition  of  protection  by  four  grounded 
wires  is  to  use  the  four  wires  in  a  rectangular  formation  which 
gives  the  widest  separation.  Naturally  two  will  be  above  the 
power  wires  and  the  other  two  will  be  either  below  or  at  each 
side  about  on  a  level  with  the  two  lowest  power  wires.  The 
mechanical  conditions  of  installation  will  dictate  where  these 
wires  will  be  hung  and  it  is  necessary  to  follow  the  rule  to  make 
the  distances  between  the  several  grounded  wires  as  great  as  the 
conditions  will  permit  and  still  keep  the  grounded  wires 
as  near  a  power  wire  as  safe  mechanical  clearance  will  justify. 


I — Introduction 
'  I  'HE  OBJECT  of  this  paper  is  several-fold;  primarily  it  is 
*  an  endeavor  to  place  the  practise  of  the  use  of  overhead 
grounded  wires  on  a  firmer  engineering  footing  and  to  discuss 
the  conditions  of  line  construction  which  cause  and  suppress 
high-frequency  surges.  The  desire  is  to  present  the  material 
so  that  the  conditions  of  installation  may  be  made  to  give  the 
greatest  degree  of  protection  with  a  minimum  of  undesirable 
reaction  and  lowest  cost. 

In  the  mathematical  analysis  there  is  no  so-called  higher 
mathematics.  The  diflBculties  involved  are  due  simply  to  the 
extremely  long  simultaneous  algebraic  equations.  It  is  a  matter 
of  labor  more  than  skill.  The  basis  of  this  analytical  work  was 
given  by  Maxwell,  Kelvin  and  Heavyside  and  their  familiar 
notation  is  used.  Since  most  engineers  of  power  systems  are 
too  occupied  with  other  problems  to  juggle  involved  logarithmic 
equations,  all  this  analysis  is  separated  from  the  main  body  of 
the  paper  and  is  given  only  as  a  means  of  checking  up  the  writer's 
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conclusions.  In  most  cases  the  analysis  of  the  value  of  a  grounded 
wire  reduces  to  very  simple-  formulas,  due  to  the  cancellation 
of  many  factors  in  the  long,  involved  equations. 

Many  operating  engineers  have  noted  high  potentials  across 
choke  coils  of  low  inductance  and  other  phenomena,  which 
point  directly  to  the  presence  of  extremely  high  frequencies  in 
traveling  waves  on  the  line.  An  endeavor  has  been  made  to 
analyze  the  possible  sources  of  high  frequency.  There  are  at 
least  four  of  these  sources. 

The  earliest  use  of  the  overhead  grounded  wire  is  somewhat 
hidden  in  obscurity,  due  to  the  fact  that  the  engineers  of  that 
date  were  not  prolific  in  writing  up  their  engineering  feats. 
The  earliest  application  of  parallel  grounded  wires  that  the  writer 
has  been  able  to  get  track  of  was  made  by  Mr.  C.  C.  Chesney  on 
the  original  polyphase  transmission  plant  at  Housatonic,  Mass. 
in  1891.  It  seems  that  the  next  plant  to  use  it  was  the  Montreal 
Light,  Heat  and  Power  Co.  transmitting  power  from  Shambley 
Falls  to  Montreal.  The  overhead  grounded  wire  gradually 
found  its  way  into  practise  by  reason  of  the  strong  endorsements 
of  a  number  of  engineers,  notably' among  whom  was  Dr.  C.  P. 
vSteinmetz.  The  use  of  overhead  grounded  wire  was  a  mooted 
problem  among  engineers  over  a  period  of  many  years. 

II — Analysis   of  the   Uses   of  the   Overhead    Grounded 

Wire 

The  first  question  to  settle  in  discussing  the  overhead  grounded 
wire  is  its  purpose.  Its  primary  use  is  of  course  for  protection 
against  lightning  and  it  is  recognized  also  as  a  strengthening 
support  between  towers.  Mr.  J.  Lawson  has  recently  stated  that 
the  grounded  wire  on  a  wooden  pole  line  is  used  also  as  a  means 
of  testing  for  defective  insulators.  The  three  recognized  uses 
then  are:  lightning  protection,  mechanical  support  for  towers 
and  poles,  and  a  test  circuit.  The  use  which  is  of  interest  in 
the  following  discussion  is  solely  that  as  a  protector  against 
electrical  and  magnetic  disturbances  in  the  surrounding  atmos- 
phere. 

Even  as  a  protector  against  lightning  the  function  of  the 
grounded  wires  may  be  subdivided  into  at  least  four  categories: 
First,  the  vertical  grounding  wire,  second,  a  lightning  rod  extend- 
ing above  the  line,  third,  electrostatic  induction  in  the  hori- 
zontally situated  wires,  and  fourth,  electromagnetic  induction. 


Digitized  by  LjOOQ IC 


19161  CREIGHTON:  PROTECTIVE  DEVICES  849 

III — First  Category — Protection  Against  the  Splitting 
OP  Poles  by  the  Vertical  Conductor  which  at  One 
End  Is  Buried  in  the  Earth  and  Runs  the 
Height  op  the  Pole 
This  part  of  the  grounded  wire  system  has  been  used  from 
early  times  in  telegraph  construction  quite  independent  of  the 
horizontal  grounded  wire  which  parallels  the  power  wire,  and 
is  still  standard  practise  for  telephone  and  telegraph  circuits. 
Every  fifth  wooden  pole  is  protected  this  way.    As  such,  this 
vertical  grounding  wire  is  a  protection  not  against  electrostatic 
induction  or  electromagnetic  induction,  but  against  the  damag- 
ing effect  on  wooden  poles  of  a  direct  bolt  of  lightning.    This 
vertical  grounding  wire  performs  the  same  function  when  used 
in  combination  with  the  horizontal  wire  and  at  the  same  time 
it  is  an  essential  part  of  the  horizontal  wire  in  protecting  against 
induction  by  acting  as  an  earthing  contact  to  the  horizontal 
wire.     How  frequently  along  the  line  these  vertical  earthing 
wires  should  be  used  is  a  question  of  importance  to  be  discussed 
as  the  subject  is  developed. 

IV — Second  Category — A  Lightning  Conductor  Extending 
Above  the  Top  op  the  Pole  or  Tower  Is  Designed 
TO  Act  as  an  Electrode  to  the  Bolt  prom 
the  Cloud 
The  value  of  this  rod  lies  in  the  possibility  of  its  greater 
height  keeping  the  arc  flame  from  being  blown  between  the 
phases  of  the  power  wires,  which  would  cause  a  short  circuit. 
Used  as  such,  it  has  nothing  to  do  with  the  electrostatic  induction 
and  functions  only  in  cases  of  direct  stroke  on  the  line.  To  the 
writer's  knowledge  its  value  has  never  been  definitely  deter- 
mined by  calculations,  experimentation,  or  use.  Its  use  has 
not  been  very  great.  The  extremely  intense  electric  force  and 
potential  gradient  in  the  path  of  the  direct  stroke  of  lightning 
brings  the  value  of  the  lightning  rod  into  question.  Even  if 
the  rod  is  high  enough  to  keep  the  ionized  flame  away  from  the 
power  wires  it  must  yet  be  determined  if  the  intensity  of  electric 
field,  induced  on  the  power  wires  adjacent  to  the  lower  end  of 
this  lightning  rod,  is  not  great  enough  to  cause  a  side  flash  from 
the  rod  to  the  power  wires,  on  account  of  the  so-called  isolated 
capacitance  of  the  power  wires.  With  a  power  wire  supported 
on  an  insulator  having  a  grounded  metal  pin  it  seems  safe  to 
hazard  a  guess  that  there  will  be  a  side  flash  which  would  either 
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puncture  the  insulator  or  cause  a  flash  around  the  skirts.  The 
puncture  distance  is  of  the  order  of  one  inch  only,  and  the  flash- 
over  distance  is  of  the  order  of  one  foot  (30.4  cm.)  Furthermore, 
the  equivalent  sphere  gap  of  this  flashover  distance,  due  to  the 
effect  known  as  creepage  spark  over  the  surface  of  the  insulator, 
is  only  of  the  order  of  a  few  inches  at  best. 

When  a  wooden  cross-arm  is  used  and  when  the  power  wires 
are  highly  insulated  by  a  string  of  many  suspension  disks  the 
chances  of  side-flash  are  greatly  reduced  and  consequently  the 
lightning  rod  comes  into  the  realm  where  its  practicability  and 
use  are  worthy  of  consideration  and  debate. 

An  endeavor  is  here  made  to  enumerate  the  elemental  factors 
involved.    There  are  two  conditions  to  be  avoided: 

First,  to  keep  conducting  arc  vapors  of  the  direct  lightning 
stroke  away  from  the  power  wires. 

Second,  to  prevent  a  bolt  from  striking  midway  between  poles. 
Cases  are  known  where  such  strokes  have  melted  the  wires  in 
two,  even  where  the  line  was  yet  under  construction  and  grounded 
at  some  distance  from  the  point  of  the  lightning  stroke. 

Who  is  to  say  how  far  down  on  the  lightning  rod  the  crater 
of  the  arc  will  extend?  Taking  Dr.  C.  P.  Steinmetz'  estimate  of 
10,000  amperes  for  the  average  current  in  a  lightning  discharge, 
will  the  crater,  during  its  brief  life,  extend  below  the  point  of 
the  rod?  The  heated  gases  will  tend  to  rise.  The  heavier  the 
wind  the  more  rapid  is  the  arc  flame  broken  up  and  cooled. 
Perhaps  some  of  the  many  photographs  of  lightning  may  throw 
some  light  on  this  problem. 

The  protection  against  direct  bolts  striking  the  wire  between 
poles  may  be  determined  roughly  by  the  following  methods: 
First,  for  a  wire  supported  on  pin-type  insulators  on  wooden 
poles,  the  wire  may  be  assumed  roughly  to  follow  the  arc  of  a 
circle,  the  center  of  which  may  be  determined.  It  may  be  as- 
sumed that  if  the  lightning  strikes  well  into  this  imaginary 
sector  the  chances  of  its  turning  and  reaching  the  pole  are  rather 
remote.  Second,  if  a  lightning  rod  is  used  or  the  wires  are  under- 
hung by  suspension  insulators,  the  chances  of  a  lightning  stroke 
reaching  the  wire  rather  than  the  tower  or  lightning  rod  are 
very  much  lessened.  Fig.  1  is  drawn  on  the  basis  of  making  the 
distances  from  the  tip  of  the  tower  and  the  nearest  point  on  the 
wire  equal.  The  higher  the  rod  or  tower  above  the  line,  the  less 
the  chance  of  a  stroke  reaching  the  line  wire,  other  things  being 
equal.    The  expression,  "other  things  being  equal"  is  intended 
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to  take  into  account  the  fact  that  a  lightning  discharge  docs  not 
necessarily  take  the  shortest  path  to  the  nearest  object,  be  it 
earth  or  an  adjacent  cloud.  The  location  of  the  electric  stress 
depends  primarily  on  the  accidental  location  of  condensation  of 
moisture  in  the  atmosphere.  Otherwise,  if  there  is  no  free  elec- 
tricity given  off  in  the  atmosphere,  the  discharge  will  take  place 
over  the  shortest  path  between  electrodes. 

While  this  method  is  admittedly  crude,  it  is  the  only  one  avail- 
able to  give  a  comparison  of  the  immunity  of  different  construc- 
tions. By  its  use  some  idea  can  be  gained  of  the  advantages  of 
lightning  rods  and  the  underhung  construction.     The  evident 

dangers  from  a  stroke  reach- 


A 


\ 


/ 


DaxftrZoMof 


ing  the  line  is  that  of  burn- 
ing the  wire  in  two  and  letting 
it  fall  to  the  ground. 

Should  a  lightning  rod  be 
sharp  pointed?  The  early 
work  done  by  Dr.  Steinmetz 
on  corona  of  needle  points  and 
later  the  work  of  Mr.  F.  W. 
Peek  and  others  on  corona 
would  seem  to  indicate  that 
the  sharp  end  would  have  no 
particular  value.  Induced 
potentials  of  corpna  value 
often  occur  during  storms. 
The  formation  of  corona  gives 
immediately  the  equivalent 
of  a  blunt  end.  The  relief  of 
the  atmosphere  by  the  discharge  of  corona  is  apparently  too 
local  and  of  such  a  small  part  of  the  volume  of  the  electro- 
static field  of  the  atmosphere  above  the  line  to  decrease 
appreciably  the  energy  of  a  lightning  stroke. 

These  questions  are  still  in  the  speculative  field  and  must  be 
left,  as  refinements,  to  be  cleared  up  by  later  work.  The  rest  of 
the  subject  is  of  more  importance  at  present  and  a  solution  is 
more  definitely  in  sight. 

V — General  Problems  of  the  Parallel  Grounded  Wire 
There  are  several  factors  to  be  taken  into  account  in  the  pro- 
cess of  determining  the  protective  value  of  the  grounded  wire. 
1.  Strength  of  electric  field  in  the  neighborhood  of  the  line 
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Fig.  1 

If  lightning  gets  inside  the  danger  sone 
shown  It  is  more  likely  to  strike  the  wire  than 
the  tower.  The  curve  is  drawn  on  the  basis  of 
equal  distances  between  the  insulator  and  the 
wire.  Direct  strokes  on  the  wire  may  fuse  it  in 
two. 

With  a  string  of  six  disks  and  the  midpoint 
of  a  500-foot  span  of  wire  30  feet  below  the  top 
of  the  tower  the  peak  of  the  sector  is  1050  feet 
above  the  midpoint  of  the  span.  With  a  pin- 
type  insulator,  a  span  of  100  feet  and  a  sag  of 
2  feet,  the  peak  of  the  sector  is  650  feet  above 
the  midpoint  of  the  span  of  wire.  A  6-foot 
lightning  rod  added  to  the  latter  case  lowers 
the  peak  of  the  sector  to  160  feet  and  bands 
inward  as  shown  in  the  above  figure. 
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2.  The  direction  of  the  gathering  charge  in  the  cloud,  that  is, 
the  path  of  the  discharge  relative  to  the  line,  parallel  or  perpen- 
dicular to  the  line  before  it  turns  vertically  downward  to  the 
earth. 

3.  The  screening  effect  obtained  by  the  use  of  several  wires, 
with  and  without  grounded  wires. 

4.  The  initial  momentary  potential  induced  on  a  wire  at  the 
instant  the  cloud  discharges  to  earth. 

5.  An  instant  after  the  lightning  discharge  has  taken  place, 
the  sudden  increase  in  capacitance  between  the  power  wire  and 
the  adjacent  parallel  grounded  wire. 

6.  The  effect  of  the  number  and  location  of  parallel  grounded 
wires. 

7.  The  effect  of  electromagnetic  induction  between  the  hori- 
zontal part  of  the  grounded  wire  and  the  parallel  power  wires, 
in  which  the  energy  of  the  lightning  charge  on  the  grounded 
wire  is  more  or  less  transferred  to  the  power  wire,  instead  of 
being  dissipated  in  the  earth.  High  frequencies  are  produced  in 
this  transformation. 

8.  The  gradual  transference  of  the  charge  which  travels  along 
the  power  wire  to  the  successive  sections  of  the  grounded  wire 
and  its  di53ipation  in  the  earth. 

VI — Getting  a  Reasonable  Mathematical  Cloud 
In  the  mathematical  analysis  of  the  electrostatic  phenomena 
only  the  simplest  forms, — such  as  cylinders,  spheres,  ellipses, — 
lend  themselves  to  a  practicable  solution.  The  limitless  varia- 
tions in  the  forms  of  storm  clouds  make  it  impossible  to  select  a 
form  which  might  be  considered  the  average  for  a  thunder- 
cloud. Therefore  it  is  necessary  to  turn  from  the  cloud  to  the 
local  electric  field  near  the  earth  which  is,  after  all,  the  center  of 
interest.  At  the  surface  of  the  earth  all  forms  of  clouds  give  one 
common  characteristic,  namely  a  fairly  uniform,  perpendicular 
directed  electric  force  over  a  limited  area.  It  is  assumed  at 
present  that  the  surface  of  the  earth  is  smooth.  In  making  the 
mathematical  analysis  we  are,  therefore,  privileged  to  choose 
any  form  of  cloud  that  gives  this  uniformity  of  field  near  the 
earth.  Since  we  are  to  study  first  the  electrostatic  induction  on 
overhead  wires  it  is  natural  to  choose,  as  a  matter  of  simplifica- 
tion, a  cylindrical  cloud  parallel  to  the  line.  In  the  early  study, 
lengths  of  wire  only  one  centimeter  long  will  be  dealt  with  and 
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therefore   over   many  centimeters  any  sort  of  a  cloud  can  be 
considered  cylindrical. 

In  any  cylindrical  conductor  from  which  a  charge  of  elec- 
tricity emanates  there  is  a  central  point  where  all  the  lines  of  force 
would  meet  if  they  were  extended  everywhere  through  the  sur- 
face of  the  cylinder.  Mathematically  this  point  is  well-known  as 
the  inverse  point  of  a  circle.  Electrically  it  is  better  described 
as  the  apex  of  charge.  The  apex  of  charge  is  that  point  which, 
if  all  the  charge  were  concentrated  there,  would  give  the  same 
effect  as  it  does  distributed  over  the  surface. 

It  is  recognized  that  a  cloud  is  not  a  good  conductor  but  due 

to  its  mobility  to  the  movement 
of  electricity  by  brush  discharge, 
it  is  assumed  that  the  cloud  will  act 
like  a  cylinder  of  equal  dimensions. 
Since  this  does  not  affect  the  distri- 
bution of  field  near  the  surface  of  the 
earth  it  seems  a  permissible  assiunp- 
tion  to  make  and  is  a  great  conven- 
.--'^S: "~«« "^  Clou*  ience  in  making  calculations.    (Fig.  2) 

•'  •  The  apex  of  charge  of  the  cloud  will 

^^^-  ?  be  found  and    calculations    will   be 

Cloud  of  cylindncal  cross-section,  •  *  i  i 

ita  electric  field,  its  image,  and  a   made  assummg  that  the   Charge  of 

line  wjre  in  the  field.  ■•         ,        ,    •  i       i  ,  • 

the  cloud  IS  concentrated  along  this 
apex  of  charge  as  if  it  were  a  conducting  wire  parallel  to  the 
line  wires. 

VII — Choice  of  the  Height  of  a  Cloud 
In  absolute  measure,  the  first  effect  of  an  increase  in  the  height 
of  a  cloud  would  tend  to  decrease  the  electric  force,  and  conse- 
quently electric  induction,  on  overhead  wires.  An  increase  in 
the  total  charge  on  the  cloud  increases  the  quantity  induced  on 
the  line  wires.  All  we  can  say  at  present  is  that  actual  clouds 
will  cause  more  or  less  severe  induction  on  the  overhead  wires 
and  let  it  rest  at  that.  The  object  we  have  in  view  is  to  choose  a 
height  and  dimensions  of  a  cloud  such  as  to  give  a  uniform 
field  in  the  neighborhood  of  the  power  wires.  If  the  apex  of 
the  cloud  is  a  few  times  as  high  as  the  line  wires,  it  is  found 
suflScient.  A  height  of  55,000  cm.  is  chosen,  however,  for  the 
position  of  the  apex  of  the  charge  of  the  cloud.  This  value 
will  be  retained  as  a  standard  of  reference  for  all  future 
calculations. 
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VIII — Choice  of  a  Given  Charge  on  a  Cloud  for  Use  in 
Making  Comparative  Calculations  of  Protection 
Which  May  Be  Expeced  from  Parallel 
Grounded  Wires — and  Other  Data 

A  reasonable  cloud  charge  is  chosen  arbitrarily  as  one  which 
will  induce  a  charge  on  a  single  overhead  wire  of  corona  intensity. 
It  is  found  that  such  a  cloud  charge  with  its  apex  at  55,000  cm. 
height  can  be  made  to  give  very  mild  intensities  of  charge  or 
potential  gradients  in  the  cloud  itself,  and  such  a  cloud  seems 
satisfactory  enough  as  a  basis  of  comparing  induced  charges  on 
line  wires. 

All  calculations  are  made  in  the  absolute  system  of  units. 
Anomalously,  the  practical  system  is  impracticable. 

An  overhead  wire  of  a  usual  radius  of  0.5  cm.  (about  3/8  in. 
in  diameter,  approximately  No.  000  B.  &  S.)  will  have  a  critical 
corona  gradient  of  potential  at  its  surface  when  the  charge  is 
about  25  statcoulombs  per  centimeter  length  of  wire  (0.001342 
coulomb  per  mile.*)  Placing  this  wire  at  a  height  of  1000  cm. 
above  the  surface  of  the  earth  calls  for  a  charge  of  5700  stat- 
coulombs per  centimeter  length  of  the  assumed  cylindrical  cloud, 
to  bring  the  grounded  wire  to  the  condition  of  corona.  In  all 
future  calculations  this  constant  cloud  charge  will   be  used. 

One  other  assumed  dimension  is  made,  namely  10,000  cm. 
from  the  apex  of  charge  in  the  cloud  to  the  lower  surface  of  the 
cloud.  The  assumed  and  calculated  factors  are  given  in  the 
following  list : 

Apex  of  charge  of  the  cloud,  55,000  cm.  (1804  ft.)  above  earth. 

Radial  distance  apex  to  surfaces,  10,000  cm.  (328  ft.) 

Height  of  wire  used  as  standard  of  comparison,  1000  cm.  above  the  sur- 
face of  the  earth  (33  ft.) 

Quantity  of  electricity  induced  on  this  line  wire.  25  statcoulombs  per 
centimeter  length  of  wire  (0.001342  coulomb  per  mile). 

Quantity  of  electricity  in  the  cloud,  5700  statcoulombs  per  centimeter 
length  of  the  cylindrical  cloud  (0.306  coulomb  per  mile). 

Potential  at  the  surface  of  the  cloud,  26,224  statvolts  (7,867,200  volts). 

Potential  gradient  at  the  lower  surface  of  the  cloud,  1.254  statvolts 
per  centimeter  of  vertical  distance  (376.2  volts  per  centimeter).  The 
gradient  to  produce  corona  is  nearly  100  times  as  great,  i.  e.  30,000  volts 
per  centimeter.  Expressed  in  inches  and  feet,  the  potential  gradient  is 
956  volts  per  inch  and  11,472  volts  per  ft. 

The  field  intensity  at  the  surface  of  the  earth  is  0.4147  dyne,  and  cor- 
respondingly the  potential  gradient  is  0.4147  statvolts  per  centimeter. 
(124.4  volts  per  centimeter  =  3800  volts  per  ft.) 
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Dielectric  displacement  at  the  surface  of  the  cloud  is  0.1  statcoulomb 
per  square  centimeter  of  cross-section  of  the  field. 

Dielectric  displacement  at  the  surface  of  the  earth  directly  under  the 
cloud  is  0.033  statcoulomb  per  square  centimeter  of  earth  surface. 

Note  :  The  undisturbed  field  intensity,  potential  gradient,  and 
dielectric  displacement  at  a  height  above  the  surface  of  the 
earth  corresponding  to  line  wire  heights  are  sensibly  the  same 
as  the  values  given  above  for  the  surface  of  the  earth.  There- 
fore, over  the  range  of  height  corresponding  to  the  usual  height  of 
a  line  wire  the  potential  may  be  obtained,  theroetically,  by 
calculating  the  product  of  the  height  and  potential  gradient 
(F  =  centimeter  height  X  0.4147).  The  general  relations  are 
shown  in  Fig.  2.  The  calculations  are  made  by  equations  (1) 
and  (2)  in  the  mathematical  section. 

IX — The  Induced  Charge  on  a  Single  Wire  at  Various 
Heights  from  the  Earth 
The  value  of  induced  charge,  initally  at  zero  potential,  is 
the  second  step  in  the  determination  of  the  voltage  on  the  line 

which  will  suddenly  appear  when 
the  cloud  discharges  to  earth  and 
sets  freie  the  bound  charge  on  the 
line.  We  have  just  noted  in  the 
previous  paragraph  that  the  in- 
ducing potential  is  proportional 
to  the  height  above  the  earth. 
The  induced  quantity  at  increasing 
heights  does  not,  however,  follow 
in  direct  proportion  due  to  the 
change  in  capacitance  of  the  wire. 
Above  a  height  of  1000  cm.  (33  ft.)  the  increase  in  the  quantity  of 
electricity  induced  is  almost  a  linear  relation  to  the  height  of  the 
line.  This  law  holds  up  to  and  somewhat  beyond  4000  cm.  At 
less  heights  than  100  om.  the  charge  falls  off  more  rapidly  on  a 
slightly  curved  line.  The  actual  values  are  given  in  Table  I,  3d 
column.    These  quantities  are  obtained  by  a  solution  of  equation. 

V,  =  0  =   (  4.6  log,.     ^)  g,  -(4.6  logio-^*)  qc 

mce — 
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Pigs.  3  and  4 

Illustration  of  the  cross-section 
of  the  electric  field  in  the  neighbor- 
hood of  a  wire,  Pig.  3  on  the  ground 
and  Pig.  4  in  the  air.  The  latter 
gathers  in  the  field  from  each  side 
nearly  in  prox)ortion  to  its  height. 
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At  1000  cm.  high,  we  have  assumed  a  charge  of  25  statcotilombs 
per  centimeter  length  of  the  wire.  At  2000  cm.  high  the  induc- 
tion would  be  46.4  statcoulombs  per  centimeter  length  of  wire, 
using  the  same  inducing  charge  in  the  storm  cloud.  At  4000  cm. 
high,  the  wire  would  have  induced  on  it  85.7  statcoulombs  per 
centimeter  length  of  it.  Fourteen  different  heights  are  given  in 
Table  I,  which  also  gives  the  quantity  on  the  wire  as  a  fraction 
of  the  total  charge  in  the  cloud.  For  example,  at  1000  cm., 
the  charge  on  the  wire  is  0.00439  part  of  the  charge  in  the  cloud. 

There  is  given  also  in  the  table  the  total  width  of  electric 
field  that  is  gathered  in  by  the  wire.  For  example,  the  wire  at 
1000  cm.  (33  ft.)  gathers  in  the  field  from  each  side  for  a  distance 
of  379  cm.  (12.4  ft.),  making  a  total  width  of  758  cm.  (24.9ft.). 
This  electric  field  would  normally  go  straight  to  the  earth  but 
due  to  the  presence  of  the  grounded  wire  is  drawn  toward  the 
wire  and  a  large  part  of  it  passes  through  the  horizontal  plane 
of  the  wire  and  is  looped  back  up  as  is  shown  in  Fig.  4. 

At  a  height  of  2000  cm.  (65.6  ft.)  the  overhead  grounded  wire 
draws  a  field  in  from  each  side  from  a  distance  of  704  cm.  (23. 1  ft.) . 

A  more  satisfactory  analysis  of  what  takes  place  when  a 
grounded  wire  is  raised  to  different  heights  above  the  earth  is 
shown  in  the  two  sketches,  Figs.  3  and  4,  which  depict  values 
taken  from  the  table. 

If  a  bare  wire  is  lying  on  the  ground  (Fig.  3),  it  will  take  an 
electric  charge  which  is  proportional  to  about  half  its  super- 
ficial area.  The  earth  itself  has  a  charge  of  0.033  statcoulomb  per 
square  centimeter  due  to  the  charge  of  the  cloud.  Therefore, 
the  charge  on  the  wire  lying  on  the  ground  will  be  of  this  order. 
When  the  wire  is  raised  off  the  surface  of  the  earth,  as  is  shown 
in  Fig.  4,  a  few  of  the  lines  near  the  wire  which  before  found  an 
easier  path  to  the  earth,  now  find  a  shorter  path  by  bending 
around  to  the  wire.  The  lines  of  force  just  beyond  this  width 
find  a  more  desirable  path  to  the  ground  than  to  the  wire  but 
due  to  the  removal  of  part  of  the  electric  field  directly  under- 
neath the  wire  these  lines  are  bent  under  the  wire  in  their  path 
to  earth. 

The  width  of  field  drawn  into  the  wire  is  obtained  by  divid- 
ing the  charge  emanating  from  the  wire  by  the  number  of  stat- 
coulombs of  displacement  per  square  centimeter,  due  to  the 
cloud. 

Table  I  gives  the  heights  of  wire,  fraction  of  the  cloud  charge 
which  ends  on  the  wire,  quantity  statcoulombs  per  centimeter 
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length  of  wire,  percentage  of  same  referred  to  a  wire  at  1000  cm. 
height,  the  width  of  the  field  drawn  into  the  wire  at  the  height 
given,  atmospheric  quantity  is  0.033  statcoulombs  per  centimeter 
and  the  potential  gradient  is  0.4147  statvolt  per  centimeter. 


TABLE  I. 


Stat- 

Per  cent  of 

Width 

Height 

Part  of 

CO  lombs 

quantity 

of 

Atmospheric 

of  wire 

v:loud 

quantity 

at 

field 

potential  at  height 

dia. 

charge 

per  cm. 

height  of 

picked 

given 

1  cm. 

on  wire 

length 

wire  of 

up  by 

of  wire 

1000  cm. 

wire,  cm. 

Statvolts 

Kilovolts 

100  cm. 

0.000633 

3.610 

14.4 

119.6 

41.47 

12.44 

200  cm. 

0.001085 

6.180 

24.7 

187.6 

82.94 

24.882 

400  cm. 

0.00196 

11.164 

44.6 

338.8 

165.88 

49.764 

800  cm. 

0.00360 

20.535 

82.1 

623.0 

331.76 

99.528 

1000  cm. 

0.00438 

26.000 

100. 

768 

414.7 

124.4 

1100  cm. 

0.00476 

27.170 

108.7 

824 

466.17 

136.86 

1200  cm. 

0.00514 

29.277 

117.1 

888. 

497.64 

149.29 

1600  cm. 

0.00663 

37.821 

151.3 

1148 

663.62 

199.066 

2000  cm. 

0.00816 

46.422 

185.7 

1410 

829.4 

248.82 

2400  cm. 

0.00950 

54.169 

216.7 

1642 

996.28 

298.68 

2800  cm. 

0.01090 

62.200 

248.8 

1887 

1161.16 

348.348 

3200  cm. 

0.01236 

70.616 

282.1 

2140 

1327.04 

398.112 

3600  cm. 

0.01370 

78.092 

312.4 

2370 

1492.92 

447.876 

4000  cm. 

0.01502 

85.668 

342.7 

2600 

1668.8 

497.64 

X — The  Induced  Charge  on  a  Single  Overhead  Wire  as 
Affected  by  Its  Size 

As  a  convenient  size  for  reference  a  diameter  of  one  cm.  for 
the  overhead  wire  has  been  chosen  and  on  this  is  induced  25 
statcoulombs  per  centimeter. length  of  wire  (0.001342  coulomb 
per  mile). 

The  first  step  will  be  to  reduce  the  size  of  wire.  As  a  rough 
approximation,  take  one  strand  of  a  seven-stranded  cable  and 
let  us  assume  an  equivalent  diameter  of  one-third  which  is  a 
radius  of  1/6  cm.  This  wire  will  have  induced  on  it  by  the  storm 
cloud  22.1  statcoulombs  which  is  88  per  cent  of  the  quantity 
induced  on  the  wire  of  one  cm.  diameter.  The  reduction  then 
in  the  weight  of  the  wire  approximately  to  1/7  has  reduced  the 
quantity  of  electricity  drawn  in  by  the  overhead  grounded  wire 
by- only  12  per  cent.  This  is  a  good  illustration  of  the  slight 
effect  that  the  size  of  the  overhead  wire  has  in  gathering  in  the 
electric  field.  The  same  statement  is  true  for  sizes  of  wire  larger 
than  the  one  of  diameter  of  one  cm. 


If  the  weight  oUhewii^^Qgl^ 
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increased  four  times,  that  is  to  say,  with  an  increase  in  the  di- 
ameter from  one  cm.  to  two  cm.  the  quantity  of  electricity  ter- 
minating on  the  wire  increases  only  10  per  cent.  If  the  weight 
of  the  wire  is  increased  sixteen  times,  which  corresponds  to  an 
increase  in  the  diameter  from  one  cm.  to  4  cm.,  the  quantity 
of  electricity  terminating  on  this  wire  from  the  same  storm 
cloud  will  be  only  20  per  cent  greater  if  the  weight  of  the  wire 
is  increased  64  times,  which  corresponds  to  an  increase  in  the 
diameter  from  one  cm.  to  eight  cm.,  the  quantity  of  electricity 
terminating  on  this  wire  will  be  only  33.6  per  cent  greater. 

We  may  conclude  from  these  data  that  calculations  of  electro- 
static induction  made  for  a  wire  of  0.5  cm.  radius  will  give  approx- 
imations for  all  other  wires  of  usual  practise. 

INDUCING    A    CHARGE    ON    AN    OVERHEAD     WIRE     WHICH     IS     NOT 

GROUNDED 

From  experiences  in  the  laboratory  in  electrostatic  induction 
such  as  the  electrophorus,  where  it  is  necessary  to  ground  the 
metal  plate  while  it  is  near  the  charged  wax  plate  in  order  to 
get  it  to  take  a  charge,  it  is  sometimes  erroneously  assumed  that 
it  is  necessary  to  have  an  overhead  wire  grounded  somewhere 
in  order  likewise  to  get  it  to  take  a  charge  from  cloud  induction. 
Contrary  to  this  assumption,  it  may  be  stated  that,  in  general, 
a  system  with  a  non-grounded  neutral  and  absolutely  no  leakage 
over  the  insulators  charges  up  with  about  the  same  quantity 
under  the  storm  cloud  as  a  system  with  a  grounded  neutral. 
The  exceptional  case  is  the  short  length  of  circuit. 

Laboratory  experience  may  give  inadequate  conceptions  of 
the  conditions  outdoors  and  the  Igcal  characteristic  of  a  cloud 
lightning.  It  is  not  a  question  of  how  many  square  miles  the 
storm  cloud  covers  but  only  what  extent  of  electrostatic  field 
between  cloud  and  earth  is  relieved  by  the  lightning  stroke. 
We  are  accustomed  to  seeing  the  visible  part  of  the  streak  a  mile 
or  so  long  only.  If  the  streak  in  the  cloud  is  parallel  to  the 
transmission  line,  relief  over  a  corresponding  length  is  given  to 
the  charge  induced  on  the  line  wires.  But  the  transmission 
wires  extend  miles  beyond  this  influence  and  it  is  the  capacitance 
of  wire  to  ground  in  the  extended  lengths  not  directly  under  the 
influence  of  the  storm  cloud  which  allows  a  non-grounded  wire 
to  take  an  induced  charge. 

Fig.  5  shows  a  short  length  of  wire  not  extending  beyond  the 
field  of  the  cloud.    The  wire  takes  the  potential  oL4he  ainat 
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the  same  height.  The  corresponding  d-c.  stress  is  thrown  on  the 
insulation  of  the  apparatus  until  th^  lightning  stroke  takes  place. 
After  the  lightning  stroke  there  is  no  charge  on  the  line,  and  the 
potential  of  the  line  wire  returns  to  normal  without  the  presence 
of  the  usual  traveling  waves.  For  the  traveling  wave  there  has 
been  substituted  a  d-c.  stress  over  a  period  of  time  depending  on 
the  rapidity  of  formation  of  the  storm  cloud.  Leakage  over  the 
insulators  will  enter,  of  course,  to  give  the  line  more  or  less  of  a 
charge.  There  will  be  a  momentary  oscillation  between  line 
and  apparatus. 

Now  turning  to  the  more  usual  condition  of  a  non-grounded 
circuit,  Fig.  6  shows  how  the  cloud  induces  a  charge  under  it 
without  leakage  to  ground.  The  large  part  of  the  line  not  under 
the  cloud  acts  as  a  condenser  of  large  capacitance  which  absorbs 

f'- :■!■;:  ■    .;,■■   ,,,■■■■.   ■  ".H.V.'.v.v 

Fig.  5 

Illustration  of  a  short  line  under  a 
long  cloud.  This  line  can  become 
charged  by  leakage  to  ground  only. 
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Fig.  6 

Illustration  of  a  long  line  under  a 
short  cloud.  This  line  can  become 
charged  without  any  leakage  of  current 
to  ground,  that  is  to  say.  without  any 
grounding. 


~$     10    15  ^ 

statcoulombs 

Fig.  7 

The  relations  be- 
tween induced  quan- 
tity and  potential  on 
a  non-grounded  line 
wire.  TOOO  B.  ft  S. 
wire,  1000  cm.  (3,3  ft.) 
high  and  a  field  of 
0.414  statvolt  per  cm. 
(potential  gradient.)] 


the  relatively  small  quantity  induced  by  the  cloud  without 
causing  much  rise  in  line  potential.  [V  =^  Q  -^  C]  The  relations 
between  the  induced  quantity  and  potential  on  the  line  wire  are 
somewhat  unusual.  When  the  quantity  is  zero  the  induced 
potential  (by  the  assumed  cloud)  is  414.7  statvolts.  On  the 
other  hand,  when  the  potential  is  zero,  that  is  to  say,  the  wire 
is  grounded,  the  quantity  is  25  statcoulombs.  The  intermediate 
conditions  are  shown  by  the  straight  line  in  Fig.  7. 

V  +  I6.65  =  414.7 

For  different  relative  lengths  of  line  under  and  not  under  the 
cloud  the  following  conditions  hold:  If  there  is  one  mile  under 
the  cloud  and  nine  miles  of  line  not  under,  the  potential  oHrhe^^T^ 
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wire  will  be  41.47  statvolts,  (1  -^  (9  +  1)1414.7.  The  quantity 
will  then  be  0.9  X  25  =  22.5  statcoulombs. 

If,  again,  the  relative  lengths  are  two  miles  and  98  miles,  the 
induced  potential  will  be  2  per  cent  of  414.7  =  8.3  statvolts  and 
the  induced  quantity  will  be  98  per  cent  of  25  =  24.5  statcoulombs. 

Now,  when  the  cloud  discharge  takes  place  there  are  two 
traveling  waves,  namely,  the  wave  due  to  the  concentrated 
charge  under  the  cloud,  and  the  wave  due  to  the  distributed 
charge  throughout  the  rest  of  line  and  coils  of  the  apparatus. 
These  waves  move  in  opposite  directions  and,  since  they  are 
of  opposite  signs  of  electricity,  as  the  concentrated  wave  passes 
through  the  distributed  wave  it  will  lose  its  potential  in  propor- 
tion to  the  cancellation  of  quantity. 

It  should  be  noted  that  the  distributed  charge  has  a  quantity 
located  down  in  the  coils  of  generators  and  transformers  depend- 

Chargt  induced  by  Cloud 


Fig.  8 

The  shaded  parts  on  the  overhead  line  ^jfii^^it^s^f^tja'^'^^i^^r^- 

shows  the  location  of  the  two  separated  ""   *"                     ^^ 

charges.     The  coils  and  condensers  at  Fir    9 

the  end  of  the  line  represent  the  condi-  ^  *"'  ^ 

tions    in    a    generator    or    transformer.  The  field  of  the  induced  charge  on  a 

Each  coil  is  charged  as  a  condenser  by  line  wire  at  the  instant  after  the  storm 

the  lightning  cloud.  cloud  discharges  to  earth. 

ing  on  the  local  capacitance  of  the  coils  to  the  earth.  After 
the  cloud  discharge,  this  lightning  is  inside  the  apparatus  and 
must  get  out.  In  so  doing  it  must  bump  into  the  inductance 
of  each  adjacent  coil  and  be  reflected  more  or  less.  Incidentally, 
this  is  a  source  of  high-frequency  oscillations.  An  attempt  is 
made  to  represent  these  conditions  in  Fig.  8. 

FUNDAMENTAL    LAW    OF    INSTANTANEOUS    POTENTIAL    AND 
QUANTITY    IN    CASES    OF    INDUCTION 

It  is  purposed  to  show  the  simple  method  of  obtaining  the 
potential  after  the  lightning  discharge  has  turned  free  the  pre- 
viously bound  charge  on  the  line.  To  do  this  the  movement  of 
electricity  in  the  cloud  at  the  beginning  and  during  the  dis- 
charge of  the  lightning  will  not  be  considered  now,  but  will  be 
the  subject  of  a  later  paragraph.  As  a  further  simplification 
the  wire  will  be  assumed  grounded  through  either  a  resistance 
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or  inductance,  so  that  its  potential  may  be  considered  zero  dur- 
ing the  period  of  electrostatic  induction. 

At  1000  cm.  up  from  the  surface  of  the  earth,  the  chosen 
cloud  produces  414.7  statvolts  (124,410  volts).  A  grounded 
No.  000  wire  (one  cm.  diameter)  at  this  height  will  take  a  charge  ^ 
of  25  statcoulombs  by  electrostatic  induction.  When  the  cloud 
discharges,  the  field  which  extends  between  wire  and  cloud  will 
suddenly  flop  over  (with  more  or  less  oscillation  according  to 
the  nature  of  the  lightning  bolt)  and  appear  as  a  field  between 
wire  and  ground.  The  bound  charge  has  been  shown  already  in 
Fig.  4.    The  freed  charge  is  shown  in  Fig.  9. 

The  potential  will  be  given  by  the  equation  V  —  Q  -r-  C  where 
Q  is  the  quantity  per  unit  length  and  C  is  the  corresponding 
capacitance  between  wire  and  ground  per  unit  length. 

The  object  of  this  paragraph  is  to  point  out  that  to  obtain 
the  final  potential  rise  of  the  wire  it  is  unnecessary  to  calculate 
either  the  induced  quantity  or  the  capacitance  of  the  wire. 
The  potential  of  the  wire  immediately  after  the  cloud  discharge 
is  the  same  as  existed  at  this  height  with  no  wire  present,  namely 
414.7  statvolts  (124,410  volts). 

This  is  a  fundamental  law  and  applies  equally  well  to  any 
number  of  overhead  wires.  It  will  be  shown  later  that  the 
addition  of  every  wire  on  a  pole  reduces  the  quantity  of  elec- 
tricity induced  on  each  wire  but  it  does  not  reduce  the  instanta- 
neous potential  of  the  freed  charge.  If  a  second  wire  is  placed 
at  a  height  of  1100  cm.  (100  cm.  above  the  first  wire)  the  instan- 
taneous potential  after  the  lightning  discharge  is  found  by 
multipl)dng  the  undisturbed  potential  gradient  in  the  atmos- 
phere by  the  height  of  the  wire;  thus,  1100  cm.  X  0.4146  stat- 
volts per  centimeter  gives  456  statvolts  (136,800  volts).  The 
first  wire  again  assumes  a  potential  of  414.7  statvolts. 

SCREENING  OF  ENERGY  INDUCED  BY  THE   USE   OF   SEVERAL 
PARALLEL  WIRES  ON  THE  SAME  POLE 

It  has  just  been  stated  in  a  fundamental  law  that  the  presence 
of  several  wires  does  not  decrease  the  instantaneous  potential  at 
cloud  discharge  although  there  is  a  decrease  in  quantity  per 
wire  due  to  the  presence  of  several  wires.  (Nothing  is  being  said 
at  present  of  grounded  wires.)  The  several  wires  produce  a 
screening  of  quantity  without  a  useftd  effect  on  the  resultant 
instantaneously  induced  potential.  There  is,  however,  a  useful 
screening  effect  of  energy  in  the  surge. 
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For  example,  with  one  wire  alone  the  induced  quantity  is  25 
statcoulombs  per  centimeter  length  of  wire.  The  instantaneous 
potential  of  the  electric  wave  is  414.7  statvolts  and  the  instanta- 
neous electrostatic  energy  is  5180  statjoules  or  ergs  per  centimeter. 
Placing  a  second  wire  of  the  same  diameter  and  at  the  same  height 
but  spaced  100  centimeters  reduces  the  quantity  on  the  first 
wire  from  25  statcoulombs  to  18.36  statcoulombs  per  centimeter. 
The  energy  is  thereby  reduced  to  a  corresponding  amount 
(73.4  per  cent),  that  is,  to  3805  statjoules  per  centimeter.  There 
is  less  energy  in  the  wave  on  each  wire  to  be  dissipated.  However, 
the  total  quantity  is  increased  from  25  to  36.72  statcoulombs  per 
centimeter  and  the  total  energy  from  5180  to  7610  statjoules. 
The  quantity  and  energy  are  equally  divided  between  the  two 

(D  one  wire  (overhead).  Electric  field  constant. 
q-25  statcoulombs  on  a  No.  000  wire 

®    (D 

Quantity  to tal-36. 7 

Total-45,  AverBge-16 

@      ® 
10.6     13.4    ToUl-57.94,  Av.-ll.59 

®       (D      ®       ® 
8.09     8.21    9.44    12.42 

Total-68.23.-Av.-9.76 

Fig.  10 

Induced  charges  on  line  wires  by  a  constant  electric  field.  Wires  are  No.  000  and  spaced 
100  cm.  (39.4  in.)  horiiontally.  Five  groups  separately,  each  troup  1000  cm.  (33  ft.)  above 
the  surface  of  the  earth.  Groups;  1  wire,  2  wires,  3  wires,  o  wires,  and  7  wires.  All  quan« 
tities  are  given  in  statcoulombs  per  cm.  length  of  wire. 

parallel  wires  because  they  are  the  same  size  and  at  the  same 
height. 

In  conclusion:  Increasing  the  number  of  parallel  wires  de- 
creases the  energy  in  the  surge  per  wire  without  decreasing  the 
initial  instantaneous  potential.  The  closer  the  wires  to  each 
other,  the  greater  the  reduction  in  energy.  As  a  limit,  the  re- 
duction in  energy,  even  if  the  wires  are  so  close  as  to  touch  is 
a  little  less  than  inversely  proportional  to  the  number  of  wires. 
For  example,  two  wires  cannot  reduce  the  energy  to  quite  half 
of  what  would  be  induced  on  one.  At  the  other  extreme,  when 
parallel  wires  are  far  enough  apart  to  be  outside  each  others 
fields  they  exert  no  screening  effect  on  each  other. 

The  numerical  values  above  (Fig.  10)  are  calculated  by  equa- 
tions (6),  (6),  (7),  (8),  and  (9)  (mathematical  section).  The 
general  equations  are  given  in  equations  (12)  and  (13). 
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For  No.  000  wires  in  a  vertical  plane,  100  cm.  spacing,  the 
quantities  induced  are  given  in  the  following  list.  The  central 
wire  is  always  numbered  1,  and  the  even  numbers  are  assigned 
to  the  right  and  symmetrically  placed  wires  to  the  left  are 
assigned  the  next  odd  number,  thus,  (3)  (1)  (2) .  . . 

Wire  one  only  qi  =  25  statcoulombs  per  centimeter  length  of 
wire.    Two  wires  qi  =  q^  —  18.36. 

The  last  diagram  with  four  wires  grouped  around  one  wire 
shows  an  average  reduction  in  quantity  from  25  to  10.8  stat- 
coulombs per  centimeter  which  gives  a  reduction  irt  surge  energy 
to  43  per  cent  average  per  wire,  other  lightning  conditions  be- 
ing equal.  The  equations  for  this  group  are  (14),  (16),  (16)  and 
(17)  in  the  mathematical  section. 

@  1100cm.»  q2-20.9 
Height 
®  1000cm.  ®  1000cm.,  q,"17.8      ®  1000cm.,  qj-19.4 
q,«25  Total-38.2 

AV.-19.1     d)    900cm.,  qs-JM 
Total  35.2 
Av.  17.6 
(2)  llOOcm.,  q2-18.8  @  1100cm. 

14.41  statcoulombs 
®  1000cm.,    qi-13.6  ©      ®       ® 

11.46    8.45     11.45 
@    900cm..    q8-12.6  @   900cm. 

Total  45.  8.4 

Av.  15. 

Fig.  U 
Induced  charges  on  line  wires  by  a  constant  electric  field.    The  five  groups  arc  to  be  con- 
sidered separately.     Sire  of  wire  No.  000.  spacing  100  cm.     Quantities  induced  at  the 
f(iven  heignts  as  given  above.    All  quantities  arc  given  in  statcoulombs  per  cm.  length  of 


USE    OF    A    PARALLEL     GROUNDED     WIRE.       SCREENING     AND     IN- 
CREASE  OF   CAPACITANCE   OF    LINE    WIRES 

The  grounded  wire  produces  no  more  screening  effect  than  a 
power  wire  in  its  place.  Also  it  may  not,  at  the  first  instant  of 
cloud  discharge,  reduce  the  potential  induced  on  a  power  wire, 
except  at  the  pole  where  the  vertical  riser  from  ground  is  con- 
nected to  the  parallel  ground  wire.  If  t]ie  lightning  stroke  were 
absolutely  instantaneous,  or  if  the  distance  from  the  induced 
charge  to  the  grounding  pole  were  great  the  parallel  grounded  wire 
would  rise  to  the  potential  it  would  have  if  it  were  not  grounded. 
Since  the  lightning  bolt  requires  time  to  form,  some  of  the  quan- 
tity set  free  on  the  parallel  grounded  wire  will  have  time  to  pass 
down  the  vertical  connection  to  ground  and  immediately^)e- 
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comes  the  seat  of  a  charge  induced  by  the  charge  on  an  adjacent 
parallel  power  wire. 

The  three  stages  are  shown  in  Fig.  12. 

The  grounded  wire  increases  the  capacitance  of  the  power 
wire  and  thereby  reduces  its  potential  without  in  any  way  re- 
ducing its  charge.  The  capacitance  to  earth  of  the  one  wire 
alone  at  1000  cm.  height  is  0.0603  statfarad  per  centimeter 
(10.78  millimicrofarads  per  mile).  The  capacitance  of  the  same 
wire  to  the  combined  surface  of  the  earth  and  the  parallel 
grounded  wire,  100  cm.  separation,  is  0.0693  statfarad  per  centi- 
meter. Therefore,  the  reduction  in  potential  due  to  increase  of 
capacitance  alone  should  be  to  87  per  cent.  The  quantity,  by 
screening,  was  reduced  from  25  to  18.3  statcoulombs  (73.4  per 
cent).  The  total  reduction  in  potential  will  be  the  product  87 
per  cent  X  73.4  per  cent  =  63.8  per  cent.  Subtracting  this  from 
100  per  cent  gives  36.2  per 
cent,  a  factor  which  may  be 
called  the  protection  afforded 
by  the  ground  ^dre.     In  other  ^^i  i» 

words,  it  means  that  with  a  ^'^-  ^^   , 

Showing  three  stages  of  charge  on  one 

given    cloud    and     no     parallel    power  wire  and  one  parallel  grounded  wire 

.  .    ,      -     (the  right  one).     12-a  is  the  condition  of 

grounded  wire  the  potential  of     induction   before    the   cloud   discharges   to 

.  t  -       .  .  earth  (not  to  the  line),  12-b  is  the  condition 

a    power    wire    would     rise     m-     at  the  mstant  the  cloud  is  discharged.     12-c. 

^  .^.„  is    the    condition    as    soon    as    the    charge 

StantaneOUSly     to     414.7    Stat-     on  the  grounded   wire  can  pass  to  earth. 

.  The   ground   wire   then    takes   an   induced 

volts  but  With  the  ground  wire     charge  from  the  power  wire  and   thereby 

increases  the  latter  s  capacitance. 

in  place  the  same  cloud  dis- 
charge will  cause   a   rise   of   only   264.7   statvolts.     This  is  a 
voltage  ratio  of  63.8  per  cent,  or  a  protection  of  36.2  per  cent  of 
the  potential  which  would  have  existed  without  the  guard  wire. 

PROTECTION  AFFORDED  BY   ONE  PARALLEL  GROUNDED   WIRE 

In  the  previous  work  two  steps  were  taken  in  the  calculations 
simply  to  show  the  two  theoretical  factors  involved,  namely 
screening  and  increased  capacitance.  By  treating  the  equations 
symbolically  most  of  the  factors  cancel  out  in  the  two  steps, 
leaving  a  very  simple  formula  which  gives  the  protection  in  one 
calculation. 

Taking  first  the  case  of  two  wires  in  a  horizontal  plane,  one 
a  grounded  wire,  the 

Potential  protected        _     a—  b 
Potential  unprotected  a 
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u  A  It  ^         /   2  X  height  of  gr.  wire  \. 

where  a  =  4.6  logio  I  — -ji t^ f-i — : —  I 

\  radius  of  grounded  wire  / 


b  =  4.6  log.o  /^(2  height)*  +  (spacing)*  \ 
\  spacing  / 


and  the  protection  =  — 


The  symbolic  solution  is  shown  in  equations  (18)  to  (27)  inclusive. 

The  equation  shows  that  the  protection  decreases  as  the 
.distance  between  the  wires  in  the  horizontal  plane  increases  in 
accordance  with  the  logarithm  of  a  ratio.  For  a  No.  000  wire 
one  cm.  in  diameter  and  1000. cm.  (33  ft.)  high,  the  factor  a  = 
16.6.  Various  values  of  &  are  given  as  follows:  For  50  cm. 
(19.7  in.)  spacing  from  the  grounded  wire  the  factor  b  =  7.38 
and  the  protection  is  44.5  per  cent.  For  100  cm.  (39.4  in.) 
spacing,  ft  =  6,  and  the  protection  is  36.3  per  cent.  For  200 
cm.  (78.7  in.)  spacing,  b  =  4.6  and  the  protection  has  fallen  to 
27.7  per  cent.  At  500  cm.  (197  in.)  spacing,  half  the  height, 
ft  =  2.83  and  the  protection  is  17  per  cent.  Lastly  at  a  spacing 
equal  to  the  height,  viz.  1000  cm.  (33  ft.),  ft  =  1.61  and  the  pro- 
tection is  9.7  per  cent. 

The  protection  is  entirely  independent  of  the  size  of  the  power 
wire.  This  is  due  to  the  fact  that  as  the  power  wire  is  increased 
in  size  it  has  induced  on  it  a  greater  quantity,  but  this  is  com- 
pensated by  an  equally  greater  capacitance  to  the  earth  and 
grounded  wire.  This  is  proven  mathematically  in  the  symbolical 
equations  (18)  to  (28). 

There  is  another  simple  relation.  So  long  as  there  is  but  one 
grounded  wire,  the  equation  just  given  applies  individually  to 
any  number  of  wires  in  a  horizontal  plane.  Each  calculation 
is  made  quite  independently.  The  equation  does  not  apply  for 
two  or  more  parallel  grounded  wires. 

PROTECTION    OF    WIRES    STRUNG      IN      A      VERTICAL      PLANE 

The  ratio  of  potentials  (protected  to  unprotected)  depends 
on  the  relative  height  of  the  grounded  wire  and  power  wire. 
For  example,  if  the  power  wire  (No.  2)  is  himg  100  cm.  (39.4 
in.)  under  the  grounded  wire,  then  due  to  the  height  alone  the 
ratio  of  potentials  will  be  decreased  by  the  ratio  of  heights. 
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900  cm.  -5-  1000  cm.  =  0.9.     The  factor  previously  designated 
by  the  symbol  b  will  also  change  somewhat.     Thus, 

/>'  =  4  fi  1         /(2  X  height  of  grounded  wire)  —  spacing\ 
\  spacing  / 

This  equation  for  b'  applies  when  the  grounded  wire  is  above 
the  power  wire.  If  the  contrary  condition  is  true,  then  the 
''spacing"  given  in  the  numerator  is  to  be  added  instead  of 
subtracted.     The  potential  ratio  for  vertically  situated  wires  is: 

^  ^.  Pot.  protected         a— y  hi  /oo  \ 

Ratio  =  :5— — ^ — T—r^  = r-  (28a) 

Pot.  unprotected  a       hi  . 

Where  hi  is  the  height  of  the  grounded  wire  and  Aj  the  height 
of  any  power  wire  strung  in  the  vertical  plane  beneath. 

Examples:  Parallel  grounded  wire  No.  000  (1  cm.  diameter) 
at  a  height  of  1000  cm.  (33  ft.).  Power  wire,  of  any  diameter, 
at  900  cm.  directly  underneath, 

ft'  =  5.89  and  the  ratio 

Pot,  protected     ^  16.6  -  5.89  900   ^  ^^ 
Pot.  unprotected  16.6        1000  ^^ 

With  the  power  wire  100  cm.  above  the  grounded  wire, 
ft'  =  6.085  and  the  ratio 

Pot,  protected     ^  16.6  -  6.085  1100  ^         ^ 
Pot.  unprotected  16.6         1000  '^ 

Exchanging  positions  of  the  power  wire  and  grounded  wire 
a  =  16.78,  ft'  =  6.085,  and  the  ratio 

Pot,  protected     _  16.78  -  6.085  1000  _  ^_  ^^ 


Pot.  unprotected  16.78         1100 

Now  keeping  the  grounded  wire  above,  raise  the  power  wire 
to  double  the  height,  viz.  2000  cm.  (66  ft.)  and  double  the 
spacing  to  200  cm.  (78.7  in.),  the  factor  a  =  18,  ft'  =  6.085 
again,  and  the 

Pot,  protected     ^  18-  6.085  2000  ^       ^^ 
Pot.  unprotected  18        2200  ^^^ 
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For  a  second  power  wire  hung    200  cm.    (78.7    in.)    under 
the  first  power  wire,  b'  =  4.6,  and  the  ratio 


Pot,  protected     ^  18-4.6  1800 
Pot.  unprotected  18       2200 


=  60.9% 


For  the  third  phase  wire  hung  200  cm.  (78.7  in.)  below  the 
second  wire,  b'  =  3.69  and  the  ratio 

Pot,  protected     ^  18-  3.69  1600  ^  ^    ^ 
Pot.  unprotected  18        2200  ^^ 

Subtracting  each  of  the  above  ratios  from  100%  gives  the 
degree  of  protection. 

Attention  is  drawn  to  the  greater  protection  given  to  the  lower 
wire  as  compared  to  the  one  just  above  it.  There  are  two  factors 
involved  which  are  antagonistic.  First,  the  protection  decreases 
as  the  distance  from  the  grounded  wire  to  the  power  wire  be- 
neath is  increased.  Second,  the  protection  is  increased  as  the 
power  wire  is  lower,  due  to  the  ratio  of  the  heights. 

The  foregoing  figures  are  approximately  the  same  as  obtained 
in  the  usual  practise.  A  grounded  wire  f  in.  in  diameter  is  not 
n\.uch  less  than  one  cm.  Towers  are  about  60  ft.  high  and  spac- 
ings  about  six  ft.  Only  one  parallel  grounded  wire  is  usual  even 
with  two  power  circtiits.  The  number  of  power  wires  has  no 
effect  on  the  protection  against  potential  but,  as  shown  pre- 
viously, decreases  the  energy  in  the  surge  on  each  wire. 

The  single  grounded  wire  is  not  usually  directly  over  the  three- 
phase  circtdt  but  this  makes  relatively  little  difference  in  the 
results.  To  give  the  factor  b  for  wires  in  a  horizontal  plane  and 
h'  for  wires  in  a  vertical  plane  a  general  value,  needs  only  the  use 
of  the  well-known  equation  for  the  coefficient  of  quantity,  thus 

6i  =  4.6  logio  "^'^ 


ru 


where  niu  is  the  distance  of  the  image  of  the  power  wire  to  the 
grounded  wire  and  rn  is  the  spacing  between  the  wires. 

The  laws  for  obtaining  the  best  protection  possible  with  a 
single  grounded  wire  expressed  in  a  practical  form  are:  (1) 
string  the  power  wires  as  near  the  earth  as  practicable;  (2)  string 
the  grounded  wire  above  but  as  near  to  the  upper  power  wire 
as  safe  mechanical  spacing  permits.  Digitized  by  GoOgle 
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PROTECTION    AFFORDED   BY    TWO    PARALLEL   GROUNDED    WIRES 

It  may  be  said  immediately,  without  mathematical  analysis, 
that  the  degree  of  protection  afforded  by  two  grounded  wires 
depends  on  where  the  two  wires  are  placed  relative  to  each  other. 
If  they  should,  in  the  one  extreme,  be  placed  side  by  side,  the 
added  protection  by  the  second  wire  would  be  very  slight.  If, 
on  the  other  hand,  they  are  placed  on  the  opposite  sides  of  a 
power  wire  their  protection  together  is  nearly  as  great  as  the 
values  calculated  separately  and  then  combined. 

The  protection  given  by  two  grounded  wires  with  one  power 
wire  anywhere  between  them,  and  all  wires  situated  in  the  same 
horizontal  plane  is 

protection  =  — -j-~- 

where  the  coefficients  6,  /,  c  and  d  are  given  by  equations  (38), 
(39),  (40),  and  (41)  respectively.    (Mathematical  section). 

For  example,  wires  No.  000,  one  cm.  diameter,  height  =  1000 
cm.  (33  ft.)  and  spacing  100  cm.  The  central  wire  No.  1  is  the 
power  wire.  Its  coefficient  a  is  not  involved  because  the  pro- 
tection is  independent  of  the  size  of  the  power  wire.  Coeffi- 
cient 6  =  /  =  6,  c  =  16.6,  and  d  =  4.6 

Protection  =    ^qq^Iq    =  20      =  ^^'^  P^^  ^^''^• 

The  potential  ratio  =  1  —  56.8  per  cent  =  43.2  per  cent. 

The  potential  ratio  of  one  grounded  wire  and  one  power  wire, 
previously  calctdated,  was  63.7  per  cent.  Assuming,  somewhat 
erroneously,  that  the  real  value  combined  is  the  product  of  the 
separate  values,  gives  63.7  X  63.7  =  40.6  per  cent.  This  is 
2.6  per  cent  too  small  but  roughly  approximate. 

If  the  two  grounded  wires  are  not  on  opposite  sides  of  the 
power  wire  the  error  of  such  an  assumption  will  be  materially 
greater. 

Before  pursuing  further  the  value  of  the  use  of  several  parallel 
grounded  wires  it  is  desirable  first  to  consider  other  fundamental 
relations  in  connection  with  electromagnetic  induction  which 
must  be  taken  into  account  in  deciding  on  the  location  of  multiple 
grounded  wires. 
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THE  REACTION  PROM  THE  LOOP    OF    THE    GROUNDED    WIRE    BOTH 
ELECTROSTATIC  AND  ELECTROMAGNETIC 

So  far  it  has  been  assumed  that  the  charge  on  the  overhead  wire 
at  the  instant  of  release  by  the  cloud  discharging  to  earth,  passes 
harmlessly  to  earth  without  attending  phenomena  of  interest. 
This  is  true,  it  would  seem,  only  under  exceptional  conditions. 
This  freed  electric  charge  represents  a  definite  energy.  .This 
energy  must  be  either  dissipated  or  transferred  to  some  other 
circuit,  since  there  is  no  way  of  preserving  it  intact  in  the  grounded 
wire  loop  either  as  electrostatic  or  electromagnetic  energy. 

Each  loop  forms  a  distributed  capacitance  and  double  re- 
turn circuit,  Fig.  13,  and  shown  in  equivalent  circuit  in  Fig.  14. 
'Unless  the  ohmic  resistance  in  the  loop  is  equal  to  or  greater 
than  the  critical  damping  resistance  an  oscillation  will  follow  the 
initial  discharge  to  earth  of  the  freed  charge.  As  a  matter  of 
fact,  the  resistance,  especially  of  metal  towers,  is  but  of  small 


)(¥)l*H 
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Fig.  13 

Distributed  charge  and  loop  circuit 
to  ground  of  a  grounded  wire  at  the 
instant  its  induced  charge  is  freed. 


Fig.  14 

The  equivalent  circuit  and  the  dis- 
charge of  a  grounded  loop.. 


fraction  of  the  critical  damping  value.  Many  oscillations  will 
therefore  take  place. 

So  much  for  the  charge  induced  by  the  cloud.  The  same 
statements  apply  to  the  charge  induced  on  the  parallel  grounded 
wire  by  the  charge  on  the  power  wire  as  shown  in  Fig.  12.  c. 

The  value  of  this  induced  charge,  already  calculated  for  a 
steady  condition,  will  overshoot  Fig.  15.  Momentarily  it  is 
possible  to  get  nearly  double  the  steady  value. 

For  the  present,  the  assumption  is  made  that  the  length  of 
line  wire  is  no  greater  than  the  length  of  the  inducing  cloud. 
This  is  done  for  the  sake  of  simplicity.  It  avoids  the  consider- 
ation of  the  traveling  wave.  On  this  assumption  the  charge 
which  is  freed  on  the  power  wire  remains  stationary  except 
for  local  disturbances  which  come  from  the  discharge  of  the 
grounded  wire  to  earth. 

Due  to  the  electrostatic  effect  alone,  the  surge  potential  on  the 
power  wire  drops  from  its  initial  value  and  oscillates  across  its 
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final  value.  For  example,  for  the  two  wires  at  100  cm.  separation 
both  in  the  same  horizontal  plane  and  one  grounded,  the  potential 
drops  on  the  power  wire  from  +  414.7  statvolts  to  +  196  stat- 
volts  and  only  after  several  oscillations  does  it  reach  its  final 
stationary  value  of  +264  statvolts.  This  oscillation  takes  place 
while  the  oscillation  in  Fig.  15  is  active. 

The  electromagnetic  effects  must  also  be  considered.  The 
surges  in  the  grounded  wire  are  free  to  move  with  a  velocity 
nearly  equal  to  that  of  light.  A  considerable  value  of  current 
will  be  reached.  Rings  of  magnetism  emanating  from  the 
grounded  wire  cut  the  parallel  power  wire  and  induce  therein 
electromotive  forces  which  are  proportional  to  the  mutual  induc- 
tance between  the  power  wire  and  grounded  wire,  and  to  the 

rate  of  change  of   current,  e  =  M-jr ' 


Ground  Wir«  by  Uw  Pow«r  Wir* 


Fig.  15  Fig.  16 

The  oscillation  of  the  quantity  on  the  The  grounded  wire  loop  is  shown  be- 

grounded  wire  from  the  steady  positive  low  the  power  wire.     Currents  are  repre- 

value  at  the  instant  it  was  released  by  sented  bv  arrows.     The  resulting  humps 

the  cloud  discharge  to  the  later  negative  in  the  electrostatic  energy  are  depicted 

value  induced  by  the  adjacent  positively  above  the  power  wire, 
charged  power  wire. 

The  surge  current  in  the  parallel  grounded  wire  will  rise  to 
its  greatest  value  at  the  pole  or  tower  where  it  is  connected  to 
ground  by  the  vertical  riser.  The  current  will  be  zero  at  the 
center,  of  the  span.    (Reason  from  conditions  of  Fig.  4). 

The  effect  of  the  first  half -cycle  of  surge  current  is  to  produce 
a  hump  of  electrostatic  energy  midway  between  towers  in  the 
power  wire.  An  attempt  to  depict  this  condition  is  shown  in 
Fig.  16.  As  a  result  the  main  wave,  only  a  part  of  which  is 
shown  in  Fig.  16,  will  be  broken  up  in  crests,  superposed  on  the 
energy  induced  by  the  direct  action  of  the  storm  cloud.  These 
crests  are  in  fact  a  superposed  higher  frequency  on  a  single 
impulse.  The  frequency  is  immediately  obtainable  from  the 
distance  between  grounding  points  of  the  grounded  wire.  This 
distance  is  a  wave  length,  as  shown  in  Fig.  15.  If  there  are  ten 
towers  to  the  mile  and  the  velocity  of  the  traveling  wave  is 
183,000  miles  per  second  the  frequency  will  be  10  X  183,000  = 
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1,830,000  cycles  per  second.  With  50  grounding  points  per  mile 
the  frequency  is  9  million  cycles  per  second.  We  have  all  been 
puzzled  at  times  to  account  for  the  high-frequency  effects  of 
lightning  in  transmission  circuits.  Small  inductances  give  re- 
markable choking  effects  at  times.  The  foregoing  theory  has 
not  yet  had  the  test  given  by  experimental  evidence  but  it 
would  seem  to  be  one  of  the  several  possible  causes  of  high 
frequency  induced  in  a  transmission  line. 

XIV — Self-Inductance,    Natural    Frequency,    Maximum 

Current,  Critical  Resistance  of  the  Grounded 

Wire  and  the  Mutual  Inductance  with 

the  Power  Wire 

On  the  assumption  that  the  current  in  the  part  of  the  circuit 
which  closes  through  the  earth  can  be  treated  as  an  imaginary 
wire,  an  image  at  a  depth  under  the  surface  of  the  earth  equal 
to  the  height  of  the  actual  grounded  wire  above  the  surface 
of  the  earth,  the  self -inductance  is  428  micro-henries  for  a  length 
of  overhead  wire  of  500  ft.  (11,720  cm.)  The  capacitance  of  the 
grounded  wire  has  already  been  found  and  from  the  combination 
of  its  inductance  and  capacitance  its  natural  frequency  is  640,000 
cycles  per  second. 

The  maximum  current  of  discharge  is  569  amperes.  The  criti- 
cal resistance  which  would  just  damp  out  oscillations  is  370  ohms. 

The  mutual  inductance  between  the  grounded  wire  and  the 
power  wire  is  179.8  micro-henries. 

In  these  data  it  should  be  again  noted  that  the  distance  be- 
tween the  earthing  points  of  the  grounded  wire  is  1000  ft.  (23440 
cm.)  and  is  somewhat  greater  than  is  usual  in  practise.  The 
effect  of  lesser  distance  between  grounded  points  will  be  consid- 
ered later. 

These  data  show  that  with  the  usual  resistance  to  ground  at 
a  tower  of  the  order  of  5  to  20  ohms,  a  great  many  oscillations 
will  take  place  in  this  circuit  before  the  energy  will  be  absorbed 
in  the  resistance,  since  the  critical  damping  resistance  is  370  ohms. 
Since  the  mutual  inductance  is  42.  4  per  cent  of  the  self-induc- 
tance, a  considerable  percentage  of  this  oscillation  will  be  trans- 
ferred to  the  power  wire. 

XV — Data  on  the  Transfer  of  the  Oscillating  Surge  on 
THE  Grounded  Wire  to  the  Power  Wire 
It  is  assumed  now  that  the  transmission  wires  are  many  times 
longer  than  the  induced  charge  on  the  wires.    Traveling  waves 
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will  therefore  follow  the  release  of  the  induced  charge.  The 
primary  of  the  circuit  (the  grounded  wire  loop)  contains  induc- 
tance, capacitance,  and  resistance.  The  secondary,  which  is 
the  power  wire,  contains  inductance  and  capacitance.  From 
this  standpoint  we  should  use  the  corresponding  mathematical 
equation  but  it  should  be  noted  that  the  capacitance  of  the  power 
wire  is  a  distributed  capacitance  and  that  as  soon  as  a  part  of 
the  charge  is  transferred  to  the  power  wire  it  does  not  oscillate 
in  conjunction  with  the  grounded  loop,  but  the  induced  charge 
is  transmitted  along  the  power  wire  as  a  traveling  wave.  Since 
this  energy  is  lost,  in  the  mutual  operation  of  the  primary  and 
secondary,  the  problem  is  similar  to  a  secondary  circuit  contain- 
ing a  considerable  resistance  which  absorbs  energy.  If  these 
two  problems  give  different  results,  it  will  be  necessary  subse- 
quently to  choose  the  one  which  more  nearly  fits  the  actual 
conditions. 
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Pig.  17  Fig.  18 

Conditions  of  induced  charges  on  the  The  same  charge  as  shown  in  Pig.  17 

power  wire  and  grounded  wire  at  the  after  it  has  turned  into  two  oppositely 
instant  of  cloud  discharge.  Also  the  directed  traveling  waves.  Note  the 
resulting  currents.  decrease  in  potential  as  each  arrives  at 

the  adjacent  ground  loops  B  and  B', 


Solving  this  problem  as  though  the  two  circuits  both  contained 
concentrated  inductance  and  capacitance  without  resistance,  it 
is  found  that  the  voltage  induced  in  the  secondary  is  51.6  per 
cent  of  the  voltage  in  the  primary.  The  initial  voltage  in  the 
grounded  ^4re,  acting  as  primary,  is  105,000  volts.  Therefore 
there  would  be  transferred  to  the  line  on  this  basis  a  surge  which 
has  an  initial  voltage  of  54,000  volts  and  a  frequency  somewhat 
over  600,000  cycles  per  second.  The  transference  of  energy  from 
the  local  grounded  wire  circuit  to  the  power  wire  would  very 
quickly  exhaust  the  supply  contained  in  the  original  surge.  In 
round  numbers  the  wave  train  would  run  54  kv.  first  peak, 
27  kv.  second  peak,  18  kv.  third  peak,  9  kv.  fourth  peak,  4  kv. 
fifth  peak,  etc. 

On  the  basis  of  using  a  formula  for  a  concentrated  resistance 
in  the  secondary  of  these  coupled  circuits  the  results  will  be  as 
follows: 

To  get  a  conception  of  the  relations  of  the  local  oscillation  in 
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the  loop  of  the  grounded  wire  and  the  main  traveling  wave  in  a 
power  wire,  let  us  assume  that  the  grounded  wire  is  earthed  only 
at  the  limits  of  the  clouds  influence. 

At  the  instant  of  release,  when  the  cloud  discharges  to  earth, 
the  charges  on  both  wires  start  to  spread  simultaneously  and 
similarly  in  both  directions,  Fig.  17.  At  the  midway  point 
both  wires  reach  zero  potential  at  approximately  the  same  instant 
Fig.  18.  The  traveling  wave  on  the  power  wire  has  now  split 
into  two  parts  and  is  gradually  passing  beyond  the  locahty  of 
the  charged  loop  of  the  grounded  wire.  The  grounded  wire  A 
has  produced  no  decrease  in  potential  of  the  power  wire.  When 
the  surges  on  the  power  wire  reach  the  adjacent  grounded  loops, 
B  and  B*,  they  have  their  potential  decreased  by  the  added 
capacitance  of  these  uncharged  grounded  wires. 

The  surge  in  the  grounded  loop  continues  to  oscillate  locally 
and  by  mutual  induction,  transfers  a  fraction  of  its  energy  to 
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Pig.  19  Pig.  20 

Showing  the  tail  put  on  to  the  main  Superposed    higher    oscillation    on    a 

lightning  surge  by  the  transfer  of  surge  traveling  wave  produced  by  the  osciU 

energy  from  the  grounded  loop   to  the  lations  in  a  grounded  loop.     This  effect 

pNOwer  wire  by   electromagnetic   indue-  occurs  when  the  initially  induced  charge 

tion.     The  resistance  of  the  grounded  covers  several  grounding  points, 
loop  is  less  than  the  critical  value. 

the  power  wire.  This  transferred  energy  cannot  add  directly 
to  the  main  traveling  wave  on  the  power  wire  because  the  main 
wave  has  passed  beyond  the  influence  of  the  grounded  loop,  A. 
The  grounded  loop  A  can  do  nothing  more  than  put  an  atten* 
uating  tail  on  the  main  wave  and  make  of  it  thereby  a  wave 
train  (assuming  for  the  present  purpose  that  the  cloud  discharge 
has  caused  a  simple  impulse).  This  wave  train  is  shown  in 
Fig.  19. 

If  the  induced  charge  of  the  cloud  covers  several  grounded 
loops  the  two  traveling  waves  should  be  a  combination  of  Figs. 
16  and  19,  as  represented  in  Fig.  20. 

From  these  results  we  see  another  defect  of  the  overhead 
grounded  wire,  namely  that  after  it  absorbs  its  part  of  the  surge 
energy  from  the  cloud  it  returns  this  energy  to  the  power  wire 
in  the  form  of  a  wave  train.  According  to  the  local  conditions 
this  wave  train  may  be  either  superposed  on  the  charge  induced     ^ 
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directly  by  the  cloud  on  the  power  wire  or  it  may  follow  imme- 
diately on  the  heels  of  this  traveling  wave,  or  both  simultaneously. 
Although  the  voltages  of  this  wave  train  are  condiserably  atten- 
uated, the  wave  train  may  do  harm  to  insulation,  Shotdd  the 
coils  of  apparatus  in  any  part  have  a  natural  frequency  corres- 
ponding to  that  of  the  wave  trains,  the  energy  of  this  entire 
wave  train  may  be  concentrated  again  in  this  local  resonant 
point,  and  consequently  the  potential  may  rise  to  extremely 
high  values.  This  resonant  condition  would  not  occur,  however, 
if  the  grounded  wire  had  not  produced  the  wave  train. 

From  this  standpoint,  therefore,  it  is  desirable  to  have  a 
resistance  in  the  earth  connections  of  the  grounded  wire  which 
approaches  the  critical  damping  resistance.  Since  there  are  two 
earth  connections  in  this  circuit  this  resistance  should  be  approx- 
imately 185  ohms  each. 

The  objection  to  the  higher  resistance  in  the  earth  connection 


® 
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Fig.  21  Fig.  22 

A  grounded  wire  placed  on  each  side  Stationary  induced  charge  on  the  line 

of  a  power  wire  so  as  to   reduce  the       before  the  cloud  discharges, 
mutual  inductance  to  zero. 

may  be  found  when  analysis  is  made  of  the  conditions  of  potential 
during  a  direct  stroke.  If,  however,  it  is  conceded  that  a  direct 
stroke  will  invariably  cause  side  flashes  to  the  power  wires  in 
spite  of  the  vaiue  of  the  earth  resistance,  this  objection  to  the 
higher  resistance  of  the  grounded  wire  will  not  be  valid. 

In  placing  a  parallel  grounded  wire,  the  object  should  be  to 
increase  the  electrostatic  protection  and  decrease  the  electro- 
magnetic induction  of  the  ground  wire  surge  which  is  transferred 
back  to  the  power  wires.  Raising  the  grounded  wire  high  above 
the  power  wires  decreases  the  electromagnetic  induction  but 
unfortunately  decreases  also  the  electrostatic  protection. 

A  better  method  of  reducing  the  electromagnetic  induction 
is  to  employ  two  grounded  wires  and  place  them  symmetrically 
on  each  side  of  a  power  wire  or  group  of  power  wires.  Such  a 
condition  of  zero  electromagnetic  induction  is  shown  in  Fig.  21. 

As  a  third  means  of  reducing  the  transfer  of  surge  enei;gy  from 
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the  grounded  wire  to  the  power  wire,  the  use  of  critical  damping 
resistance  in  the  grounded  loop  has  already  been  mentioned. 

XVI — Movements   of   Induced   Charges    on    Line   Wires 
Coincident  with  the  Movements  of  Charges  in 
A  Cloud 
So  far  the  assumption  has  been  made  that  the  electrostatic 
charge  on  a  line  starts  from  a  stationary  condition  at  the  instant 
a  lightning  bolt  takes  place  between  the  cloud  and  earth.    A 
stationary  charge  first  collects  gradually  under  the  storm  cloud. 
This  induced  charge  is  distributed  along  the  line  over  a  distance 
somewhat  greater  than  the  length  of  cloud,  Fig.  22.    Coincident 
with  the  discharge  to  earth  there  is  also  a  collection  of  the  accumu- 
lated charge  on  the  line  towards  one  point.   This  point  has  been 
called  the  bolt  peak  and  is  the  point  on  the  line  nearest  to  the  point 
on  the  earth  struck  by  the  cloud    discharge.     In   the   usual 

thunder  cloud  the  quantity  of 
electricity  in  the  vertical  dis- 
charge from  the  cloud  has  been 
gathered  from  some  distance 
horizontally  in  the  cloud  and 
'^PP9!iM|ipMnif^^  therefore  there  will  be  a  corre- 

Pjq  23  sponding     movement     of     the 

Concentration  of  charge  on  the  line  clcctrOStatic  chargC  On  the  line 
at  the  instant  of  cloud  discharge  and  a.    ^  '      ry       oo        t^i.* 

coincident      with      the      corresponding  aS  represented  m  rig.  Zo.        I  IltS 
movements  of  charge  in  the  cloud.  «•      •  •••rj.*  r        a  v. 

preliminary  shifting  of  the 
charges  on  the  power  wires  and  grounded  wires  will  cause  some 
loss  of  energy  by  induction  in  the  grounded  loop.  If  the  charge 
traveling  on  the  line  wires  can  be  retarded  by  means  of  choke  coils, 
especially  those  which  absorb  high-frequency  energy,  it  may  be 
possible  to  materially  decrease  the  peak  of  potential  on  the  line 
wire.  This  is  still  an  indeterminate  condition  which  should  be 
decided  by  experimental  data  on  the  rapidity  of  movement  and 
the  quantity  of  electricity  which  would  be  concentrated  by  this 
particular  effect  of  the  lightning  discharge.  On  the  side  of  the 
retardation  by  inductance  it  is  evident  that  only  a  limited  amount 
of  concentrated  reactance  is  permissible  on  the  line. 

If  these  reactances  in  the  power  wires  are  staggered  they  will 
become  a  help  in  reducing  the  potentials  of  lightning  by  break- 
ing up  the  waves.  Such  a  possible  effect  is  shown  in  Fig.  24  for 
two  parallel  wires  in  which  the  charge  on  one  is  retarded  behind 
the  charge  on  the  other  and  therefore  the  capacitance  of  the 
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adjacent  wire  becomes  available  in  absorbing  the  charges  electro- 
statically, thereby  reducing  the  potential.  Reflections  take 
place  at  each  coil,  which  again  give  time  for  the  absorption  of 
the  surge  energy  on  the  line  by  the  parallel  grounded  wire. 
The  more  the  charges  can  he  absorbed  on  the  line  the  less  the 
amount  to  reach  the  apparatus  in  the  stations. 

The  best  type  of  high-frequency  absorbing  reactance  is  the 
one  with  distributed  resistance  between  turns.  A  partially 
conducting  cement  is  used  which  serves  both  as  a  mechanical 
support  and  as  an  electrical  resistance,  Fig.  25.  As  the  surge 
potential  piles  up  on  each  turn  of  the  coil  it  forces  current  through 
the  distributed  resistance  between  turns.  Thereby  the  recoil 
from  stored  magnetism  is  avoided  and  a  part  of  the  surge  energy 
is  transformed  into  heat  energy.     The  steeper  the  wave  front 
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Fig.  24 

Illustration  of  a  method  of  breaking 
up    a    traveling   wave   by   retardation, 
reflection,  and  absorption  by  specially 
'  designed  choke  coils  placed  in  staggered 
position   in   the   three-phase   wires.      A  -ry        t\e       a  rr> 

traveling     wave     meets     the     absorber  FlG.  26 — ABSORBED  TYPE  OF 

choke  coil  and  three  things  take  place,  nrtrwv  nrkit 

namely,  it  is  partially  absorbed  by  the  ^hoke  uoil 

shunting  resistance  from  turn  to  turn,  A  choke  coil  made  of  bare  wires  cast 

it  is  partially  reflected  by  the  inductance,  in     a     semi-conducting     cement.     This 

and   it   is  partially   transferred   to   the  gives    a    distributed    leakage    which    is 

adjacent  wire  by  dielectric  displacement  more  effective  than  shunting  the  entire 

(as    indicated    by    the    arrows).     This  coil    with    a   simple    resistance.     Every 

displaced    charge    is    divided    into    two  turn  as  it  chokes  back  the  surge  and 

parts  and  one  part  travels  in  the  opposite  raises    the    potential    of    it,    causes    an 

direction  to  the  original  wave.     Thereby  absorption  of  its  energy  by  forcing  the 

a  traveling  wave  is  broken  up  into  many  current  through  the  shunting  resistance, 
parts  and  dissipated. 

and  the  higher  the  frequency  the  more  efficient  is  the  absorption 
of  surge  energy.  In  other  words,  the  more  severe  the  surge,  the 
more  it  is  forced  through  the  resistance. 

XVII — The  Absorption  of  the  Traveling  Waves  by  the 
Successive  Loops  of  the  Grounded  Wire 
We  have  just  discussed  an  objectionable  feature  of  the  grounded 
wire  in  producing  a  wave  train  on  the  power  wire  and  we  now 
come  to  a  condition  which  is  more  favorable  to  the  grounded 
wire.  Lightning  impulses  and  all  the  succeeding  traveling  waves 
trains  which  pass  along  the  power  wire  must  have  their  electro- 
magnetism  looped  into  every  successive  grounded  wire  loop. 
Thereby  each  of  these  grounded  loops  will  have  transferred  to 
it  a  fraction  of  the  energy  of  the  traveling  wave  and  this  energy 
will  be  more  or  less  absorbed  according  to  the  value  of  the  ohmic 
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resistance  in  the  grounded  loop.  Again,  we  cotne  to  the  desir- 
ability of  having  a  comparatively  high  resistance  in  the  grounded 
loop.  This  resistance  should  either  be  in  the  earth  connection 
or  inserted  in  series  in  a  wire  circuit.  In  this  way  the  grounded 
wire  will  serve  as  an  absorber  of  traveling  waves  and  should 
give  efficient  absorption  in  all  cases  except  where  the  induced 
lightning  is  near  a  station  and  has  only  a  short  distance  to  travel. 
If  there  is  no  appreciable  absorption  of  energy  in  the  grounded 
loop,  the  effect  of  the  grounded  loop  will  be  to  break  up  the  main 
traveling  impulse  into  a  long  wave  train  of  a  wave  length  corres- 
ponding to  the  length  of  the  grounded  loop.  Thereby  a  single 
impulse  from  a  cloud  will  be  transformed  into  a  long  train  of 
waves  at  very  high  frequency. 

XVIII — The  Frequency  of  the  Lightning  Bolt 
So  far  the  assumption  is  made  that  the  cloud  discharge  does 
not  oscillate  between  the  cloud  and  earth.  Prof.  Elihu  Thomson 
has  shown  that  some  parts  of  the  path  of  discharge  in  the  cloud 
itself  have  too  much  resistance  in  their  paths  to  permit  of  a 
free  oscillation.  Mr.  De  Blois'  records  on  an  oscillograph  (A.  I. 
E.  E.  Transactions,  Vol.  XXXIII,  1914,  p.  519)  have  shown 
this  effect.  There  is,  however,  low  resistance  in  the  main  path 
of  the  lightning  discharge  and  therefore  a  possibility  of  local 
oscillations  between  the  ends  of  this  conducting  streak.  Since 
the  length  of  the  conducting  streak  is  comparatively  short,  its 
frequency,  if  it  exists,  is  relatively  high,  perhaps  of  the  order  of 
200,000  cycles  to  a  million  cycles  per  second. 

Any  such  oscillation  will  induce  a  corresponding  oscillation 
on  the  transmission  line,  and  will  be  added  to  the  natural  oscil- 
lations already  discussed.  It  should  be  noted  that  any  oscil- 
lation induced  by  an  oscillation  of  a  cloud  discharge  will  add  surge 
energ>''  to  the  power  wires  at  each  alternation.  The  original 
quantity  induced  on  the  line  cannot  return  to  the  starting 
point  when  once  freed  by  the  initial  action  of  the  cloud  discharge. 
The  initial  charge  takes  the  form  of  two  traveling  waves  and 
there  is  not  much  more  argument  in  favor  of  their  return  with 
the  oscillation  of  the  cloud  discharge  than  there  is  that  a  rifle 
bullet  will  return  to  a  gun  by  the  force  of  the  air  which  rushes 
into  the  muzzle  after  the  bullet  passes  out.  The  traveling  wave, 
like  the  rifle  bullet,  possesses  dynamic  energy  which  keeps  it 
traveling  once  it  is  set  in  motion  along  the  line  wires. 

So  each  succeeding  oscillation  of  a  cloud  discharge  will  start        ^ 
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a  new  oscillation  on  the  line  and  will  thereby  produce  a  wave 
train  which  has  a  greater  energy  than  the  original  induced 
charge. 

XIX — The  Effect  of  the  Combination  of  Lightning  Volt- 
age AND  Power  Voltage  at  the  Instant  the  Bound 
Charge  is  Set  Free  on  the  Line 
At  the  instant  the  cloud  discharges  to  earth  these  two  sets  of 
voltages  both  appear  on  the  line.  The  power  voltage  at  one 
instant  has  one  phase  positive,  another  phase  negative,  and  the 
third  phase  at  zero  potential.  If  the  lightning  potential  is 
positive  the  corresponding  quantities  of  electricity  will  combine 
or  cancel,  leaving  an  inequality  in  the  voltage  of  the  traveling 
waves  which  depart  from  this  point.  This  subject  has  been 
discussed  in  a  previous  article  by  the  writer  and  is  of  especial 
interest  in  the  subject  of  the  arcing  ground  suppressor.  It  is 
another  factor  which  adds  complication  to  any  exact  calculations 
of  what  actually  takes  place  during  and  subsequent  to  a  lightning 
discharge.  This  phenomenon  may  produce  a  material  decrease 
in  the  surge  potential  by  causing  waves  to  travel  in  the  three 
phases  one  ahead  of  the  other,  the  stronger  holding  the  weaker 
one  ba<i:  by  electromagnetic  induction.  As  a  result  it  is  possible 
that  equally  induced  charges  on  the  three  phases,  which  have 
equal  tendencies  initially  to  oscillate  towards  earth  may  be 
thrown  out  of  relative  location  on  the  longitudinal  length  of  the 
circuit  and  thereby  produce  line  to  line  surges. 

XX — High  Frequency  Produced  in  Apparatus  by  Trans- 
position OF  Power  Wires 

Transpositions  of  power  wires  are  made  with  two  purposes, 
at  least,  in  view,  namely,  first  to  decrease  the  induction  on 
parallel  lines,  and  second  to  prevent  shifting  of  the  neutral  of 
the  circuit.  Our-  present  interest  is  centered  in  the  second 
purpose. 

If  the  power  wires  are  hung  in  a  vertical  plane  the  lowest 
wire  will  have  the  greatest  capacitance  to  earth,  and  the  highest 
wire  the  least.  If  there  are  no  transpositions  of  the  phase  wires 
there  is  a  tendency  to  shift  the  neutral  from  the  center  of  the 
three-phase  triangle.  If  the  neutral  of  the  circuit  is  grounded, 
this  shifting  tendency  will  produce  a  current  at  the  neutral 
connection  to  earth.  The  current  passing  to  earth  will  be 
such  as  to  satisfy  the  unbalanced  capacitances  of  _the    phase 
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If  the  neutral  is  not  grounded  the  tendency  to  shift  will 
cause  an  actual  shifting  of  the  neutral  throughout  the  system. 
The  shifted  point  will  be  permanent. 

A  single  phase  simplifies  the  illustration,  Fig.  26.  To  get  the 
direction  of  shift  of  the  neutral,  without  mathematical  analysis 
make  the  capacitance  of  the  lower  wire  many  times  greater  than 
the  upper  wire.  Practically  this  can  be  done  by  closing  the  dis- 
connecting switch  on  the  lower  wire  and  leaving  the  other  dis- 
connecting switch  open.  As  a  result  the  transformer  gives  the 
effect  of  being  grounded  by  the  lower  wire.    The  capacitance  of 
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Fig.  28 

the  lower  wire  is  so  great  as  compared  to  the  capacitance  of 
the  coils  of  the  transformer  that  the  potential  of  the  connected 
side  is  reduced  sensibly  to  zero. 

Now,  if  the  upper  line  wire  is  connected  to  the  transformer, 
the  two  sides  will  be  more  nearly  balanced  but  the  lower  wire 
"will  still  have  the  greater  capacitance  and  therefore  the  neutral 
will  remain  shifted  from  the  midpoint  of  the  transformer  coils 
as  indicated  in  Fig.  27. 

Incidentally  it  might  be  noted  in  passing  that  the  arcing  at 
the  switch  contact  in  opening  on  one  line  wire  alone  causes 
rapid  shifting  of  potential  in  the  transformer  at  every  break  of 
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the  arc.  If  the  length  of  line  is  such  as  to  resonate  with  the 
natural  frequency  of  the  transformer  coils,  and  especially  if  the 
transformer  coils  are  not  designed  to  break  up  the  surges  into 
several  different  frequencies,  it  is  possible  to  get  local  resonance 
in  the  transformer  coils.  Such  resonance  will  produce  high 
voltages. 

Our  problem  is  the  production  of  high  frequencies,  especially 
at  the  time  of  switching,  not  by  arcing,  but  by  the  transposition 
of  the  phases  along  the  line.  Fig.  28  shows  a  transformer  being 
closed  on  a  transposed  line.  In  the  first  section  wire  x  is  the 
lower  one  and  the  neutral  of  the  transformer  will  be  shifted  from 
the  midpoint  JIf  to  a  point  1.  As  the  traveling  wave  runs  along 
the  second  section  the  circuit  becomes  unbalanced  on  the  opposite 
side  and  the  neutral  shifts  across  the  midpoint  to  a  point  2. 
There  is  a  sudden  shift  for  every  section  the  traveling  wave 


Fig.  29 


Fig.  30 


passes,  which  throws  a  high  frequency  into  the  transformer 
windings.  The  frequency  (neglecting  higher  harmonics)  can  be 
found  by  dividing  the  velocity  of  light  by  twice  the  number  of 
miles  per  transposition.  For  example,  if  the  line  is  transposed 
every  five  miles,  the  frequency  produced  by  closing  a  switch  on 
to  this  dead  Une  will  be  18,300  cycles  per  second. 

r  (183,000  miles  per  second)  -r  2  X5  =  18,300  J 

At  60  cycles  or  any  frequency  low  as  compared  to  the  natural 
frequency  of  the  line  the  successive  sections  of  transposition  can- 
cel the  unbalanced  currents  and  as  a  result  there  will  be  no 
shifting  of  the  neutral.  There  can  be  no  such  cancellation  for 
a  traveling  wave  because  the  charging  currents  do  not  flow  to 
the  several  sections  simultaneously,  but  successively. 

The  degree  of  unbalancing  depends  upon  the  relation  of  the 
capacitance  of  the  coils  of  the  transformer  to  the  difference  in 
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capacitances  of  the  line  wires.  As  an  example,  the  following 
data  are  used:  Two  line  wires  No.  000  (one  cm.  diameter)  are 
vertically  hung  and  transposed  every  five  miles.  The  upper  wire 
is  66  ft.  high  C2000  cm.)  and  the  lower  wire  40  ft.  high  (1210  cm.) 
The  capacitance  of  the  upper  wire  to  earth  is  10.2  milli-mf .  per 
mile  (0.0557  statfarad  per  cm.)  and  of  the  lower  wire  10.55 
mill--mf.  per  mile  (0.0590  statfarad  per  cm.) 

If  the  quantities  emanating  from  each  wire  are  assumed  to  be 
equal,  the  potential  of  the  upper  wire  will  be  7  per  cexit  greater 
than  the  lower  wire.  If,  on  the  other  hand,  the  potentials  are 
assumed  to  be  equal  the  quantity  on  the  lower  wire  will  be  5 
per  cent  greater  than  the  quantity  on  the  upper  wire.  If  the 
neutral  of  the  circuit  is  not  grounded  both  the  charges  and  the 
potentials  will  change  somewhat.  The  voltage  of  the  upper  wire 
will  differ  by  less  than  7  per  cent  from  the  lower  wire.  Since 
this  difference  is  so  small  it  is  hardly  worth  while  to  make  care- 
ful calculations.  We  may  assume  approximately  that  the  shift- 
ing of  neutral  is  about  4  per  cent  of  the  potential  of  one  wire. 
It  is  evident  that  such  a  slight  variation  in  potential  even  at 
high  frequencies  can  do  no  harm  to  transformer  coils  except 
perhaps  in  the  rare  case  of  resonance  between  the  coils  and  this 
high  frequency. 

General  Survey  of  Protection  by  Overhead  Grounded 

Wire 
It  is  impossible  to  make  definite  recommendations  which  will 
cover  all  conditions  of  transmission  circuits.  There  is  much 
territory  where  lightning  is  not  prevalent  and  therefore  the 
expense  of  the  overhead  wire  may  well  be  avoided.  There  are 
also  cases  where  spurs  of  circuits  are  carried  out  to  small  con- 
sumers where  the  financial  returns  do  not  warrant  the  expense. 
If  such  a  circuit,  when  damaged,  can  be  made  to  free  itself  from 
the  main  circuit  without  a  general  interruption,  the  use  of  a 
grounded  wire  can  be  questioned.  There  may  be  still  another 
case  where,  theoretically  at  least,  the  overhead  wire  may  not 
be  necessary.  This  condition  will  occur  when  the  insulation  of 
the  transmission  line  is  so  high  that  an  induced  stroke  cannot 
flash  over  the  insulators.  In  other  words,  the  insulators  cannot 
be  flashed  over  except  by  a  direct  stroke.  With  the  suspension- 
type  insulators  and  the  tower  carried  well  above  the  insulators  the 
parallel  grounded  wire  would  then  be  of  no  particular  value. 
What  the  dielectric  strength  of  such  an  insulator  must  be  is 
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In  the  majority  of  transmission  circuits,  however,  the  problem 
is  rather  of  the  nature  of  how  many  overhead  grounded  wires  to 
use  and  where  to  place  them  to  get  the  greatest  advantage. 
Certain  mechanical  conditions  will  limit  the  freedom  of  choice 
of  location.  For  example,  with  the  usual  suspension  type  of 
construction  it  may  be  unwise  to  install  overhead  grounded 
wires  in  the  same  horizontal  plane  as  the  power  wires,  due  to 
the  chances  of  grounding  by  side  swinging.  At  any  rate,  the 
wider  tower  would  be  materially  more  expensive.  Under  such 
conditions  the  overhead  wires  would  naturally  be  strung  either 
above  or  below. 

In  the  case,  however,  of  pin-type  construction  the  grounded 
wires  may  be  placed  laterally  as  well  as  above  the  power  wires. 

Various  locations  of  grounded  wires  are  shown  in  Figs.  29,  30, 
31,  32,  and  33. 


Fig.  31 


Fig.  32 


Fig.  29  shows  two  parallel  circuits  of  six  wires  arranged  in 
horizontal  formation  and  six  grounded  wires  separated  as  widely 
as  possible  from  each  other  and  yet  as  near  to  the  power  wires  as 
mechanical  clearance  will  permit.  The  grounded  wires  are  ar- 
ranged in  pairs  symmetrically  so  as  to  decrease  the  electro- 
magnetic induction.  The  two  outside  lower  wires  might  be 
raised  to  the  same  position  as  the  corresponding  one  in  Fig.  30 
without  making  much  difference  in  the  protective  value,  or  the 
two  upper  outside  wires  might  be  lowered  on  each  side  without 
making  a  very  great  difference  in  the  protection.  Mechanical 
conditions  of  support  will  be  the  criterion.  The  simple  rule  is  to 
space  the  overhead  grounded  wares  as  far  from  each  other  as 
convenient,  but  as  near  to  the  power  wires  as  is  saf^QQQJp 
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Fig.  30  shows  a  desirable  location  for  four  grounded  wires  on 
the  same  type  of  circuit  as  Fig.  29. 

Fig.  31  shows  a  distribution  of  six  grounded  wires  for  two  three- 
phase  circuits  verticallyhung.  In  some  cases  it  maybe  desirable  to 
keep  the  grounded  wires  within  the  same  width  as  the  two  circuits. 
Fig.  32  shows  another  disposition  of  the  six  grounded  wires 
which  is  not  so  good  from  the  electromagnetic  standpoint  but 
which  is  somewhat  better  from  an  electrostatic  standpoint.  It 
has  already  been  shown  that  the  lower  wires  of  the  vertically 

hung  circuits  are  greatly  pro- 
tected by  their  lesser  height 
above  earth  and  therefore 
they  do  not  need  the  presence 
of  grounded  wires  as  much  as 
the  upper  power  wires. 

Fig.  33  shows  a  desirable 
distribution  of  four  grounded 
wires  where  non-grounded 
pins  on  the  insulators  are  used. 
To  preserve  the  insulation  af- 
forded by  the  wooden  cross- 
arm  the  metallic  connections 
of  the  laterally  grounded 
wires  are  carried  free  of  the 
cross-arm,  in  fact,  long  metal 
braces  might  be  used  in  this 
case.  At  one  point  in  the  cir- 
cuit is  shown  a  series  resist- 
ance to  bring  the  total  resist- 
PiG   33 

ance  in  the  grounded  loop  up 

to  a  value  at  least  equal  to  one-fifth  of  the  critical  damping 
resistance. 

From  an  electrical  standpoint  grounded  wires  of  small  di- 
ameter can  be  used.  From  a  mechanical  standpoint  the  size  of 
the  wire  is  dictated  by  the  length  of  span.  From  calculation  of 
loading  of  the  wire  under  sleety  conditions  the  practise  calls  for 
about  a  3/8-in.  (9.5  mm.)  stranded  Siemens-Martin  steel  wire  for  a 
span  of  600  ft.  (182  m.),  i-in.  (6.3  mm.)  for  a  span  of  about  250 
ft.  (76  m.),  and  the  ordinary  telegraph  wire  for  spans  of  about 
100  ft.  (30.  m.). 

The  cost  of  the  f-in.  (9.5  mm.)  steel  wire  will  vary  according 
to  the  cost  of  the  metal  and  the  cost  of  stringing,  being  usu- 
ally   somewhat    greater    than    $100    per   mile    rather   than)OQlc 
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less,  although  $100  per  mile  is  a  convenient  figure  to  use 
for  comparisons.  The  total  cost  of  electrical  circuits,  in- 
cluding the  towers,  varies  from  $2000  to  $12,000  per  mile. 
Each  overhead  grounded  wire  adds  to  the  cost  from  5  per 
cent  to  1  per  cent  of  the  cost  of  a  line.  Since  the  use  of  several 
grounded  wires  gives  such  a  large  percentage  of  protection 
against  lightning  strokes  in  most  cases  they  are  justified.  If  line 
protection  could  be  made  so  thorough  as  to  do  away  with  large 
installations  of  steam  auxiliaries  in  local  substations  the  cost  of 
parallel  grounded  wires  would  drop  immediately  to  a  relatively 
insignificant  figure. 

MATHEMATICAL  EQUATIONS 

Following  are  the  general  equations  for  a  single  overhead  wire 
and  a  parallel  cylindrical  storm  cloud : 

Fi=    (4.6  logio -^)5i  +    (4.6  logio  ^)  (Zc  (1) 


Fe=      (4.6  logio  -^)  31   +    (4.6  logio  ^)  Qc 


(2) 


Where  Vi  =  potential  of  the  wire 

Ve  =  potential  of  the  cloud  at  its  snrface 
Qi  =  statcoulombs  per  cm.  of  length  of  wire 
Qe  =  statcoulombs  per  cm.  of  length  of  cloud 
Wii  =  distance  in  cm.  from  the  image  of  wire  1  to  the  sur- 
face of  wire  1  =  2Q00  cm. 
fi  =  radius  of  wire  1  =  .5  cm. 
iHei  =  Wic  =  distance  from  the  image  of  the  cloud  to  wire 

1  =  56,000  cm. 
fei  =  fu  =  distance  from  the  apex  of  charge  in  the  cloud 

to  wire  1  =  54,000  cm. 
fftce  =  distance  from  the  image  of  the  cloud  to  the  surface 
of  the  cloud  =  100,000  cm. 
fe  =  distance  from  the  apex  of  the  cloud  charge  to  the 
lower  surface  of  the  cloud  =  10,000  cm. 
On  substituting  these  values,  equations  3  and  4  are  obtained: 

Fi=  16.6  ffi  +  .0727  qc  =  0,         ^c  =  5700  (3) 

Fc=  .0727  ffi  +  4.6  qc  =   Vc         Vc  =  26.200  (4) 

For  two  parallel  wires  in  a  horizontal  plane,  both  grounded,  the 
quantities  are  found  from  the  following  relations  where  414.7  is 
the  potential  of  the  undisturbed  field  at  1000  cm.  abova  the  earth. 
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7i=  0  =  16.6  3i  +  6.0  32  -  414.7  (6) 

F,=  0  =  6.0  ffi  +  16.6  qt  -  414.7  (6) 

fli  =  ffs  =  18.36  statcoulombs  per  centimeter  (7) 

Electrostatic  energy  =  -1-  g^  Fi  =  -^  X  18.36  X  414.7 

=  3805  statjoules  per  cm.  (8) 

For  comparison  of  one  of  two  wires  to  one  wire  alone: 

(One  wire  only)  Energy  =  -^  X  25  X  414.7 

=  5180  statjoules  per  cm.  (9) 
Capacitance  of  one  of  two  wires  to 

ground  =  0.0443  statfarad  per  cm.  (10) 

Capacitance  of  one  wire  to  ground  =  0.0603  statfarad  per  cm  (11) 
The  general  relations  of  potential  in  statvolts  and  quantity  in 
statcoulombs  per  cm.  length  of  wire  are  given  below: 

7.=    (4.6  log.o  77  )  21  +  (4.6  log.o  -^)  q. 

-  (gradient  X  height  (1))  (12) 

V2=    (4.6  logio  j^)  qi  +  (4.6  logio  ■^)  q, 

-  (gradient  X  height  (2))  (13) 

Notation  is  similar  to  that  of  equations  1  and  2.  The  second 
wire  is  No.  2  and  the  effect  of  the  cloud  is  simplified  to  the  ex- 
pression, "  gradient  X  height  of  wire.*' 

The  equations  for  induced  quantity  on  5  wires  (4  grouped 
around  one,  height  of  1000  cm.,  spacing  100  cm.,  see  Fig.  11  in 
text)  are  as  follows : 

Ki  =  0  =  16.6  gi  +  12.0  qz+    6.1  g,  +  5.9  35  -  414.7  (14) 

Kj  =  0  =    6.0  gi  +  21.2  52  +  5.4  q^  +  5.2  q^  -  414.7  (16) 

Fi  =  0  =    6.1  gi  +  10,8  52  +  16.76  qz  +  4.6  q^  -  455.8  (16) 

Fs  =  0  =    5.9  gi  +  10.4  qt  +  4.6  gg  +  16.36  gj  -  373.0  (17) 
gi    =  8.45,  g2  =  g4  =  11.45,  ga  =  14.4,  and  gj  =  8.4. 

To  get  the  protection  and  potential  ratio  due  to  the  use  0}  a 
parallel  grounded  wire: 

Symbolical  solution  for  potential  ratios  of  two  wires  in  a  hori- 
zontal plane,  one  of  which  is  a  parallel  grounded  wire.  The 
initial  induction  is  given  by  equations  12  and  13,  or  simplified^  t 
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Vi  —  0  =  a  qi  +  b  Qi  —  (gradient  X  height  of  wires)  (18) 

Vi  =  0  ==  b  qi  +  d  q^  —  (gradient  X  height  of  wires)  (19) 

Let  k  be  the  undisturbed  potential  at  the  height  of  the  wires 
Then 

d  —  b     ,  a  ^  b     .  /AAN 

«'  =  -^d^rsf  *'  ff«  =  -sjiTfri  *  (20) 

After  the  cloud  discharges  the  charge  on  wire  1,  the  grounded 
wire,  will  pass  to  earth  and  wire  1  will -take  an  induced  charge  q^, 

Vi   =0=^  —  aq'  +  bq2    whence  q'  =  —  ^2  (21) 

Substituting  this  in  the  new  equation  for  the  potential  of  wire  2 

V2  =  -  b  q'  +  d  q2  =  (d-^)  q2  (22) 

Substituting  the  value  of  quantity  on  wire  2  from  equation  20 
gives  for  the  potential  of  the  power  wire: 

^-  ad  —  b^         a  —   b    ,  a  —  b  ,  ,„«v 

V2  =  --i n  k     =    k  (23) 

a  ad  —  b^  a  ^ 

The  potential  of  wire  2  without  protection  of  wire  1  is 

V2'    =  fe.  therefore  (24) 


V2  protected 
F2' unprotected 


(26) 


In  which  these  coefficients  are  the  same  as  given  in  equations 
12  and  13 

a  =  4.6  logio  -^^  and  &  =  4.6  logio  -^^        (26)  and  (27) 

d   =  4.6  logio  -^  (28) 

^2 

The  protection  is  independent  of  the  coefficient  (d)  which  depends 
on  the  size  of  the  power  wire. 

If  the  grounded  wire  is  above  the  power  wire  the  ratio  would  be 
decreased  in  proportion  to  the  percentage  of  height,  then 

V2  protected       _   a  —  b        height  of  power  wire  .^^  . 

V2  unprotected  a  height  of  gr.  wire    ^  j 
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If,  on  the  other  hand,  the  grounded  wire  is  below,  the  frac- 
tion containing  the  heights  is  inverted. 

Protection  afforded  by  two  grounded  wires  with  a  power  wire 
symmetrically  placed  cetween  them,  all  three  wires  in  a  horizon- 
tal plane.  The  outside  wires.  No.  2  and  3,  will  have  equal 
quantities  of  electricity  induced  on  them.  The  general  equations 
are: 

Vi   ==  aqi  +  bq2  +  bqz  +  k  (29) 

V2   =  bqi  +  cq2+dq^  +  k  (30) 

With  the  wires  at  zero  potential  and  the  cloud  charge  negative, 
Vi=-0  =  aqi  +  2bq2-k  (31) 

V2  =  0  =  bq,  +  (c  +  d)q2'-  k  (32) 

^'  =     a\^+  d)  -  26«    *  (**) 

Immediately  after  the  lightninjr  discharges 

V,  =  0  =  J  gi  -(c  +  d)  q',   q'  =  j^  Qi  (34) 

T/                  .01./              a(c  +  d)  +  2b* 
F,   =  aqi  +  2bq'  =  ^  _^ ^ g, 

-(-TTJ)'  <»' 

As  before  (fe)  disappears  in  the  potential  ratio  which  becomes 

(-Tf.) 

The  protection  =  — r^  (36) 

c  -\-  a 

If  instead  ,of  taking  the  two  grounded  wires  equally  spaced 
from  the  power  wire,  they  should  have  been  unequally  spaced, 
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then  2b  becomes  two  separate  factors,  say  (ft  +  /),  and  the  pro- 
tection from  two  parallel  grounded  wires  becomes 


protection 


c  +  d 


Where  b  =  4.6  logio 
/  =  4.6  logio 
c  =  4.6  logio 
d  =  4.6  logio 


^21 

r»2  ■ 


fWji  =  image  2  to  wire  1 

fji  =  spacing  wires  2  and  1 
Wii  =  image  3  to  wire  1 

fji  =  spacing  wires  3  and  1 
W22  =  image  2  to  wire  2 

fj  =  radius 
Waj  =  image  3  to  wire  2 

f  j2  =  spacing  wires  3  and  2 


(87) 
(88) 
(89) 

K*0) 
(41) 


Since  the  grounded  wires  are  assumed  to  be  the  same  diameter 

and  the  same  height  — ^  =  — — 
fi  ft 
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Discussion  on  "Theory  of  Parallel  Grounded  Wires  and 
Production  of  High  Frequency  in  Transmission  Lines'* 
(Creighton),   Cleveland,  Ohio,  June  29,   1916. 

Harold  S.  Osborne:  In  considering  any  circuit  which  uses 
the  ground  as  part  of  the  electric  circuit,  we  are  forced  to  take 
account  of  a  factor  which  in  the  present  state  of  the  art  is  to  a 
considerable  extent  unknown,  that  is  the  property  of  the  ground 
itself.  The  ground  is  not  a  perfect  conductor,  and  in  a  great 
many  instances  in  which  the  ground  is  used  as  a  part  of  the  cir- 
cuit, the  effect  of  the  resistance  of  the  ground  is  very  consider- 
able. 

In  dealing  with  currents  of  a  few  hundred  or  a  few  thousand 
cycles,  we  have  found  that  as  to  electrostatic  effects,  the  resis- 
tance of  the  ground  usually  has  but  slight  effect.  The  determina- 
tion of  what  the  equivalent  level  of  the  ground  is,  is  sometimes 
difficult.  For  example,  a  row  of  trees  may  have  a  considerable 
electrostatic  effect,  and  would  be  very  difficult  to  take  account 
of  in  mathematical  work.  In  electromagnetic  effects,  the  re- 
sistance of  the  ground  is,  for  currents  of  the  frequencies  of  which 
I  have  spoken,  ordinarily  very  considerable.  We  have  found  in 
some  cases  that  a  grounded  circuit  produces  the  same  effect  as 
though  the  return  current  were  concentrated  at  a  point  a  thousand 
feet  below  the  surface  of  the  earth,  and  in  some  cases  a  con- 
siderably greater  distance,  and  I  would  be  very  much 
interested  if  Mr.  Creighton  can  give  us  any  information 
regarding  the  effects  of  the  ground  at  these  very  high  frequencies 
which  he  is  discussing. 

The  other  point  I  had  in  mind  is  an  effect  of  the  use  of  over- 
head grounded  wires  of  which  the  author  does  not  speak — the 
overhead  grounded  wires  not  only  tend  to  protect  the  power 
lines  from  induced  charges  from  clouds,  but  also  tend  to  protect 
the  circuits  paralleling  the  power  lines  from  charges  induced  by 
the  power  circuit.  This  effect  is  very  considerable  in  some 
cases,  and  I  am  sure  that  telephone  engineers  should  be  pleased 
that  Mr.  Creighton  is  advocating  their  more  extended  use. 

N.  S.  Diamant:  I  think  it  is  well  in  connection  with  this 
paper  to  call  attention  to  the  advantages  of  investigating  graphi- 
cally electrostatic  effects  of  ground  wires,  at  least  in  the  simple 
cases;  the  advantage  of  the  graphical  method  is  its  simplicity 
and  especially  the  fact  that  it  gives  a  picture  of  the  electrostatic 
stresses  existing  in  the  space  near  the  ground  and  transmission 
wires. 

From  the  nature  of  the  subject,  I  think  it  is  a  serious  defect 
not  to  have  included  in  the  paper  references  to  previous  work  and 
to  detailed  mathematical  and  graphical  solutions.  The  fimda- 
mentals  on  which  the  treatment  of  the  subject  is  based  are  given 
in  the  moniunental  works  of  Maxwell.  However,  without  going 
to  original  sources  it  would  have  added  greatly  to  the  value 
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and  usef illness  of  the  paper  to  have  a  few  references;  even  if  the 
author  used  no  references  whatsoever,  it  would  not  have  been 
as  difficult  for  him  to  look  up  some,  as  it  will  be  for  any  reader 
who  may  desire  further  details. 

As  Mr.  Creighton  has  emphasized  there  are  important  as- 
sumptions to  be  made  which  are  not  unassailable  and  on  which 
differences  of  opinion  may  exist.  The  results  of  this  paper  depend 
on  these  assumptions  which  Mr.  Creighton  has  so  clearly  brought 
out.  Now,  references,  no  matter  how  incomplete,  would  have 
allowed  us  to  compare  some  of  the  author's  assumptions  and 
results  with  those  of  others. 

John  B.  Taylor:  I  must  confess  to  being  somewhat  confused 
in  following  this  paper,  through  the  use  of  some  of  the  terms. 
For  instance,  when  we  are  discussing  periods  of  time  as  brief  as 
a  millionth  of  a  second,  what  is  the  interpretation  to  be  put  on 
such  words  as  "instantly"  and  "suddenly."  I  judge  Mr.  Creigh- 
ton wants  us  to  assume  that  a  charge  accimiulates  in  a  cloud 
gradually  through  moisture  condensation  or  other  atmospheric 
condition,  and  that  equally  gradually  the  ground  wire  and  the 
conductors  of  the  line  accumulate  charges  by  induction  from  the 
cloud.  Then  "suddenly"  without  regard  to  time,  it  is  assumed 
that  the  charge  on  the  cloud,  disappears  in  a  lightning  stroke, 
leaving  the  charge  on  ground  wire  to  oscillate  at  its  own  natural 
period  as  determined  by  the  conditions  of  the  circuit, — distance 
between  earth  connection  and  the  inductance  and  capacity 
involved. 

A  different  state  of  affairs  seems  more  consistent  with  his 
estimated  length  of  lightning  stroke  as  one  mile.  How  is  it 
possible  to  be  rid  of  the  charge  on  the  cloud  through  a  stroke 
a  mile  long  in  a  time  negligible  compared  with  the  time  of  oscilla- 
tion in  the  overhead  ground-wire  circuit,  which  is  given,  in  a 
500-foot  span,  in  the  order  of  two  million  cycles  per  second. 

The  transfer  of  the  cloud  charge  over  a  mile  will  take,  in  round 
figures,  ten  times  as  long  as  for  the  overhead  wire  charge  to 
reach  earth  through  the  connection  provided  at  500-foot  inter- 
vals. From  this  the  release  of  the  induced  charge  on  the  ground 
wire  should  follow  the  cloud  discharge  and  be  practically  a 
periodic,  instead  of  setting  up  oscillations  of  the  order  of  millions 
of  cycles. 

In  discussing  the  early  use  of  overhead  ground  wires,  Mr. 
Creighton  may  have  overlooked  the  long  established  practise 
of  the  American  Telephone  &  Telegraph  Company.  The  "zero" 
wire  on  the  tops  of  the  poles  served  for  lightning  protection, 
mechanical  stability,  and  convenience  in  testing.  Mr.  Creighton 
points  out  that  a  small  wire  is  almost  as  effective  as  a  large 
wire,  as  regards  its  electrostatic  effect,  but  mechanical  strength 
and  ability  to  discharge  heavy  strokes  without  fusing  are  im- 
portant factors.  In  some  early  installations  poor  material  and 
flimsy  construction  gave  more  trouble  than  was  prevented. 
There  was  a  time  when  ground  wires  were  in  disfavor,  but  they 
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have  come  into  favor  again,  only  after  recognition  of  the  need 
for  good  mechanical  construction. 

John  B.  Whitehead:  It  is  interesting  to  remember  that  ever 
since  the  days  of  Benjamin  Franklin,  scientists,  physicists  and 
engineers  have  studied  lightning  phenomena,  but  no  satis- 
factory explanation  or  theory  has  resulted.  It  is  impossible, 
of  coiu-se,  to  control  the  conditions  in  the  natural  case,  and  hence 
experience  is  limited  to  inadequate  laboratory  studies.  Therefore 
it  seems  to  me  that  it  is  quite  proper  to  build  up  assumptions 
which  come  as  near  to  actual  conditions  as  our  existing  theories 
indicate,  and  then  to  compare  the  results  following  from  them 
with  the  natural  case. 

Several  years  ago  a  paper  was  read  before  the  Institute  by 
Mr.  J.  P.  Jackson,  in  which  he  made  an  effort  to  plot  the  equi- 
potential  surfaces  of  a  transmission  line  with  ground  wires  upon 
the  towers.  The  surface  of  zero  or  ground  potential,  was  shown 
to  have  different  shapes  in  accordance  with  the  different  positions 
of  the  ground  wire.  The  whole  question  reverts  of  course  to 
Faraday's  original  proposition,  which  has  been  justified  by  experi- 
ence in  a  hundred  ways,  that  if  you  want  to  protect  anything 
from  lightning  or  from  electrostatic  influences  surround  it  by  a 
groimded  cage.  The  grounded  wire  is  simply  a  small  approach 
to  that  condition,  and  therefore  taking  the  conditions  Mr. 
Creighton  outlined  in  his  abstract,  it  is  perfectly  natiiral  that 
the  nearer  you  put  a  grounded  wire  to  the  transmission  wire  just 
so  much  more  nearly  do  you  give  it  a  grounded  screen. 

I  question  the  correctness  of  one  of  the  conclusions,  namely 
that  the  grounded  wire  placed  below  the  power  wire  should  give 
it  approximately  as  much  protection  as  when  the  grounded  wire 
is  placed  above  it.  Naturally,  there  would  be  some,  but  I  think 
the  difference  should  be  quite  considerable  for  all  but  the  smallest 
distances  of  separation.  Otherwise,  the  conclusions  are  in 
accord  with  the  conception  that  the  grounded  wire,  is  simply  an 
approximation  to  a  grounded  cage. 

The  author  questions  whether  a  lightning  rod  should  be 
pointed,  since  when  the  corona  starts  from  a  point  it  is  equivalent 
to  making  the  wire  blunt  ended.  My  conception  of  the  point 
of  the  lightning  rod  is  that  it  gradually  dissipates  the  charge 
as  the  potential  rises  by  the  discharge  from  its  points,  and  con- 
sequently tends' to  keep  down  the  potential.  I  should,  therefore, 
question  whether  a  blunt  point  would  serve  so  well  as  a  sharp 
point. 

L.  W.  Chubb:  The  author  speaks  of  the  peaking  of  the  charge, 
illustrated  in  Fig.  8,  causing  a  displaced  negative  charge  which 
forces  a  charge  in  the  windings  of  the  apparatus  in  an  undesirable 
way.  I  understand  that  this  menace  only  exists  for  the  un- 
grounded system. 

E.  E.  F.  Creighton:     Yes. 

L.  W.  Chubb:  Mr.  Taylor  has  called  attention  to  the  relative 
time  constants  of  the  short  line  sections  and  the  long  lightning       ^ 
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path,  precluding  the  possibility  of  propagated  wave  trains  and 
the  more  probable  existence  of  sloping  wave  fronts.  This  is, 
I  think,  an  important  point  and  the  analysis  of  lightning  phe- 
nomena should  be  made  assuming  only  factors  of  the  proper 
order  of  magnitude. 

In  Fig.  14  Mr.  Creighton  has  shown  the  parallel  ground  wire 
divided  into  short  sections  by  the  grounding  wires,  and  each 
having  an  electrostatic  capacitance  to  ground.  At  the  time  of 
discharge  from  cloud  the  freed  charge  in  each  section  will  divide 
and  pass  out  the  grounding  wires  as  shown.  The  currents  in 
the  adjacent  sections  will  induce  in  the  power  line  traveling 
waves  in  opposite  directions,  which  will  result  in  standing 
waves.  If  the  induced  waves  in  the  power  line  are  nearly  in 
phase  there  will  be  a  rather  complete  cancellation  of  the  waves 
and  a  falling  off  in  amplitude  along  the  line  as  it  passes  outside 
of  the  influence  of  the  cloud.  This  cancelling  effect  and  the 
damping  in  the  circuits  would  seem  to  be  enough  to  limit  the 
wave  trains  beyond  the  influence  of  the  cloud  to  a  rather  in- 
significant amplitude.  There  is  also  some  doubt  in  my  mirid 
whether  the  released  charge  in  the  section  of  the  ground  wire 
will  oscillate,  because  the  capacitance  is  not  concentrated  as 
shown  in  the  figure.  The  section  has  distributed  capacitance 
and  inductance.  If  the  distributed  constants  of  the  section  of 
the  ground  wire  do  prevent  the  propagation  of  wave  trains 
in  the  power  line,  the  standing  waves  will  not  exist  and  the  bad 
after  effects  of  the  ground  wire  would  be  reduced  to  a  very  sloping 
wave  front  of  much  less  amplitude  than  if  the  ground  wire  were 
not  present. 

In  several  places  in  the  paper  the  author,  in  pointing  out  the 
inductive  effects  of  the  ground  wire  on  the  power  wire,  speaks 
of  the  sudden  change  in  capacitance  to  the  line.  Capacitance 
is  an  invariable  physical  constant  and  I  cannot  see  how  a  change 
in  capacitance  takes  place  during  the  transient. 

E.  E.  F.  Creighton:  I  am  unable  to  give  Mr.  Osborne  any 
experimental  information  on  the  distribution  of  high-frequency 
currents  in  the  ground.  I  am  glad  Mr.  Osborne  added  another 
use  of  the  overhead  grounded  wires  which  I  had  overlooked. 

Referring  to  Mr.  Diamant's  request  for  a  bibliography,  I  have 
to  confess  that  I  did  not  make  one  and  in  fact  did  not  attempt 
to  look  up  all  the  references.  The  mathematical  equations,  as 
originally  given  by  Maxwell  and  Heavyside  are  available  to 
those  who  have  the  volumes.  These  I  have  not  referred  to 
for  many  y^rs.  The  work  by  Heavyside  will  be  found  in  one 
of  his  two  volumes  of  "Electrical  Papers.** 

Referring  to  Mr.  Taylor's  comments — I  endeavored  to  simplify 
this  matter  by .  considering  only  one  variable  at  a  time.  The 
neglected  factors  are,  I  believe,  stated  in  the  foot  note.  The 
words  "instantly'*  and  "suddenly**  then  refer  in  an  indefinite 
way  to  the  period  of  time  corresponding  to  the  length  of  charge 
in  the  constants  of  a  circuit.    In  reading  the  paper  it  should  be 

Digitized  by  LjOOQ IC 


1916]  DISCUSSION  AT   CLEVELAND  893 

kept  in  mind  that  in  the  beginning  all  factors  that  could  be  set 
aside  were  neglected  and  subsequently  each  one  of  these  was 
considered,  although  they  were  not  all  combined,  as  it  would 
make  the  subject  too  complex. 

Referring  to  Dr.  Whitehead's  skepticism  on  the  protection 
given  by  an  under-hung  wire — I  can  only  recommend  to  him 
that  he  make  the  calculation  to  be  convinced. 

Referring  to  the  last  paragraph  in  Mr.  Chubb's  discussion — 
it  is  impossible  to  come  to  any  definite  understanding  because 
of  the  several  different  definitions  given  for  capacitance.  If 
one  defines  capacitance  as  the  quantity  per  unit  difference  of 
potential,  then  Mr.  Chubb's  conception  of  the  invariable  physical 
constants  will  hold  only  when  there  are  two  electrodes,  namely 
one  positive  and  one  negative.  We  often  think  of  capacitance 
as  certain  dimensions,  as  is  always  true  in  a  single  condenser 
but  when  there  are  three  or  more  electrodes  then  capacitance 
is  determined  not  only  by  the  physical  relations  but  also  by 
the  relative  potentials  of  the  conductors.  I  have  worked  out 
many  examples  to  prove  this  statement.  The  calculations  are 
too  long  to  include  in  this  discussion.  This  paper  was  shortened 
more  than  50  per  cent  by  ciutailing  the  mathematical  work 
and  calculations.  I  can  hardly  hope  to  have  deleted  this  material 
judiciously  in  every  case  although  I  hope  I  have  put  enough 
mathematical  work  at  the  end  of  the  paper  to  suffice  for  the 
understanding  of  the  equations  used. 


Digitized  by 


Google 


Digitized  by  LjOOQ IC 


PrtsenUd  at  th€  33d  Annual  Contention  of 
She  American  InstituU  of  Electrical  Engineers, 
Cleweland,  O..  June  30.  1916. 

Copyright  1916.     By  A.  I.  E.  E. 


SUGGESTIONS  FOR  ELECTRICAL  RESEARCH  IN 
ENGINEERING  COLLEGES 


BY  V.  KARAPETOFF 


Abstract  of  Paper 

The  primary  object  of  the  paper  is  to  present  a  list  of  topics 
in  electrical  engineering  suitable  for  thesis,  research,  and  ad- 
vanced study.  A  plea  is  made  for  systematic  research,  each  col- 
lege specializing  year  after  year  in  only  a  few  topics  for  aclvanced 
investigation.  The  author  suggests  that  the  Educational  Com- 
mittee of  the  Institute  become  a  central  place  for  information 
and  a  stimulus  in  applied  electrical  research,  cooperating  with 
engineering  colleges  and  with  individual  inventors  and  investi- 
gators. 

Various  types  of  investigations  are  enumerated,  such  as 
invention,  experimental  study,  theoretical  study,  library 
search,  and  compilation  of  data.  Some  advice  is  given  the 
young  investigator  as  to  how  to  proceed  in  the  most  efficient 
way  and  to  avoid  a  disappointment. 


i  i  TV/HAT  topic  shall  I  choose  for  my  required  thesis?"  This 
W  is  a  question  that  will  sound  familiar  to  a  teacher  in 
electrical  engineering.  Sometimes  the  students  puts  the  question 
in  this  way :  "  I  have  some  spare  time  and  should  like  to  do  research 
work;  what  would  you  suggest  for  a  subject?*'  Again,  once  in 
a  while  a  young  practising  engineer  writes  that  he  does  not  wish 
to  become  **  rusty  "  and  asks  that  a  subject  be  suggested  for 
systematic  study  in  the  evenings.  Truth  forbids  the  statement 
that  such  inquiries  come  often  enough  to  be  burdensome; 
nevertheless  the  writer  found  it  convenient  some  years  ago  to 
compile  *'  A  List  of  Electrical  Subjects  for  Thesis,  Research  and 
Advanced  Study,'*  as  a  ready  reference  in  answering  such  in- 
quiries. This  list  was  privately  printed  in  1909  and  has  been 
used  since  by  a  number  of  the  author's  colleagues  in  various 
engineering  colleges.* 

A  revised  and  augmented  list  is  now  offered  to  the  profession 
in  the  hope  that  it  may  prove  useful  and  stimulating  to  students, 

*For  a  similar  list  of  topics  in  mechanical  engineering  see  H.  Wade  Hib- 
bard,  "Thesis  Directions  for  Students,"  Proceedings  of  the  Society  for  the 
Promotion  of  Engineering  Education,  Vol.  21  (1913)  p.  129, 
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to  teachers,  and  to  engineers  who  are  interested  in  research, 
invention,  and  advanced  study  in  electrical  engineering. 

The  author  also  recommends  that  the  Educational  Com- 
mittee of  the  Institute  revise  this  list  from  time  to  time  and 
keep  it  up  to  date,  soliciting  additional  suggestions  from  various 
technical  committees,  from  prominent  practising  engineers  and 
from  teachers.  In  this  manner  the  Educational  Committee  would 
in  time  become  a  source  of  information  and  stimulus  for  organized 
electrical  research. 

Anyone  who  follows  Eiu'opean  electrical  periodicals  will  agree 
that  this  country  is  behind  Germany  and  England  in  the  inven- 
tion of  new  types  of  electrical  machinery  and  apparatus,  in 
the  discovery  of  new  electrical  phenomena,  and  in  the  develop- 
ment of  working  theories  and  numerical  relations  needed  in  our 
profession.  Whatever  the  causes  of  our  backwardness,  we  must 
find  a  remedy  for  it,  and  the  most  important  first  step  is  to 
systematize  and  organize  research. 

The  American  Institute  of  Electrical  Engineers  has  not 
limited  itself  in  the  past  merely  to  recording  the  progress  of  the 
art  and  the  opinions  of  its  members.  Through  its  committees 
and  representatives  the  Institute  has  participated  in  the  solu- 
tion of  a  number  of  important  national  and  international  prob- 
lems, and  it  has  never  failed  to  take  an  active  interest  in  activities 
by  which  it  was  able  to  render  important  service  to  the  profes- 
sion and  to  the  nation. 

The  promotion  of  organized  research  in  engineering  and  the 
encouragement  of  young  men  to  train  themselves  in  the  art 
of  invention  is  at  present  an  important  national  problem,  if 
we  are  to  rank  with  the  leading  European  nations  and  to  be 
independent  of  them  in  times  of  need.  The  author  has  em- 
phasized elsewhere  more  in  detail  the  importance  of  systematic 
research  and  of  encouraging  the  art  of  invention  among  young 
engineers.*  The  national  engineering  societies  are  naturally 
called  upon  to  lead  in  this  movement,  and  the  American  Insti- 
tute of  Electrical  Engineers  ought  to  do  its  share.  In  fact, 
one  of  the  principal  objects  of  the  Institute,  according  to  its 

*See  his  paper  entitled  "  What  has  Engineering  Education  contributed 
to  Scientific  Progress  and  Invention,"  presented  at  the  second  Pan-Ameri- 
can Scientific  Congress  in  Washington,  D.  C,  on  Dec.  31,  1915,  and 
published  in  the  Bulletin  of  the  Society  for  the  Promotion  of  Engineering 
Education,  April  1916,  p.  697.  See  also  J.  A.  Fleming,  "Organization 
of  Scientific  Research,"  The  Electrician,  (London),  Feb.  18,  1916, 
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constitution,  is  '*  the  advancement  of  the  theory  and  practise 
of  electrical  engineering  and  of  the  allied  arts  and  sciences." 
The  Educational  Committee  of  the  Institute  could  well  carry 
on  this  work  if  some  of  its  members  were  selected  with  this  pur- 
pose in  view,  and  if  it  could  arrange  for  cooperation  with  the 
other  technical  committees.  This  would  be  a  distinct  field  of 
activity  closely  connected  with  the  rest  of  the  work  of  the 
Institute,  and  at  a  safe  distance  from  the  work  of  special  educa- 
tional societies,  especially  the  Society  for  the  Promotion  of 
Engineering  Education.  This  new  activity  of  the  Educational 
Committee  of  the  Institute  might  be  carried  on  as  follows: 

1.  The  Educational  Committee  could  announce  in  the  Pro- 
ceedings and  by  letter  to  the  electrical  departments  of  the 
technical  schools  in  North,  Central,  and  South  America  that  it 
is  prepared  to  assist  the  students  and  young  engineers  by  sug- 
gesting topics  for  research,  invention,  and  advanced  or  special 
study. 

2.  The  Educational  Committee  could  regularly  collect  and 
publish  suggestions  as  to  timely  topics  for  research  from  the 
technical  committees  of  the  Institute,  from  manufacturing  and 
operating  concerns,  testing  laboratories,  consulting  engineers, 
prominent  scholars,  etc. 

3.  The  Educational  Committee  could  collect  information  as  to 
the  facilities  for  research  available  in  different  schools,  and  the 
problems  already  solved  or  under  investigation.  The  principal 
schools  might  be  induced  to  conduct  certain  researches  in  co* 
operation,  rather  than  to  duplicate  work.  Each  school  ought 
to  specialize  in  research  along  a  few  definite  lines  year  after  year, 
in  accordance  with  the  facilities  available  and  the  relation  to 
the  local  industries.  In  this  manner  valuable  results  could  be 
achieved,  whereas  now  the  attempts  are  mostly  sporadic,  leading 
nowhere.* 

4.  The  principal  results  of  research  might  be  published  regu- 
larly in  abstract  in  the  Proceedings,  and  thus  made  of  general 
use,  where  now  they  are  simply  filed  in  coUepe  libraries. 

^Perhaps  the  most  instructive  case  of  systematic  research  carried  on 
through  many  years  was  that  at  the  Elektrotechnisches  Institut  in  Karls- 
ruhe, under  the  inspired  guidance  of  the  late  Engelbert  Arnold  (1856-1911). 
As  a  result  of  this  work  we  have  several  volumes  of  the  most  accurate 
and  useful  information  on  dynamo-electric  machinery  and  numerous  valu- 
able inventions;  while  scores  of  Arnold's  former  students  all  over  the 
world,  are  prominent  as  inventors,  investigators,  designers,  and  scholars. 
In  this  country  Professor  Harris  J.  Ryan  with  his  students  has  carried  on 

investigations  on  dielectric  stresses  for  years  with  splendid  resttlts.^^^QJp 
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5.  The  Educational  Committee  from  time  to  time  should 
publish  in  the  Proceedings  a  brief  account  of  the  most  import- 
ant progress  in  apparatus,  methods  of  measurement,  mathemati- 
cal relations,  etc.  In  these  accounts  emphasis  should  be  placed 
upon  the  method  of  attack,  logical  reasoning,  patience  of  the 
inventor  or  the  investigator,  the  importance  of  a  clear  knowledge 
of  physics,  mathematics,  mechanics,  and  chemistry,  and  in 
general  all  such  facts  as  may  encourage  young  investigators  and 
help  them  in  their  own  research. 

6.  The  Institute  might  announce  each  year  one  or  more  prizes 
and  medals  for  the  best  improvement  in  apparatus,  measure- 
ment of  some  difficult  quantity,  the  best  theoretical  investigation, 
etc.  These  prizes  need  not  be  over  $50  to  $100  each,  and  the 
money  can  be  easily  appropriated  out  of  the  general  expense 
fund  of  the  Institute.  Prizes  might  also  be  announced  for  the 
solution  of  definite  problems  of  special  importance  in  manu- 
facturing and  manufacturers  might  be  induced  to  furnish  money 
for  them. 

7.  The  Institute  could  help  both  the  electrical  industry  and  the 
colleges  by  inducing  larger  electrical  concerns  to  maintain  in- 
dustrial scholarships  in  engineering  colleges  that  are  prepared  for 
the  work.  Such  scholarships  have  proved  very  useful  in  chemi- 
cal industry,  and  in  the  manufacture  of  cement,  steel,  etc. 

8.  The  Institute  might  pave  the  way  and  lend  its  influence 
towards  the  foundation  of  a  National  Institute  for  Electrical 
Research,  or  even  a  National  Institute  for  Engineering  Research, 
similar  to  some  existing  institutes  for  medical  research. 

General  Remarks 

1.  The  list  furnished  is  by  no  means  complete  or  exhaustive 
and  is  primarily  intended  to  be  suggestive.  It  would  of  course 
be  out  of  the  question  to  write  out  in  detail  the  purpose  and  the 
program  of  every  possible  investigation  in  electrical  engineering. 
The  important  preliminaries  to  almost  any  bit  of  research  are  to 
find  out  the  present  status  of  the  problem,  to  formulate  what 
is  needed,  and  to  devise  the  means  for  carrying  on  the  investiga- 
tion. Having  selected  a  general  topic  the  student  should  make 
a  search  in  the  literature  of  the  subject,  consult  his  instructors, 
and  if  necessary  take  the  matter  up  with  outside  specialists. 

2.  The  topics  are  suggested  in  general  terms  only,  because  it 
is  not  supposed  that  a  beginner  would  use  the  list.  If  neither 
the  student  nor  his  teachers  know  anything  about  the  present 
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status  of  a  certain  topic,  it  is  hardly  likely  or  even  advisable  that 
the  student  should  take  it  for  his  thesis.  He  needs  an  elementary 
text-book  on  the  subject.  If,  however,  at  least  one  of  them 
knows  something  about  the  particular  topic,  its  mention  in  the 
list  will  be  sufficiently  suggestive,  and  will  recall  to  his  mind 
certain  definite  problems  to  be  investigated,  and  he  will  know 
where  to  go  for  some  first-hand  information  on  the  subject. 

3.  Each  technical  college  will  find  it  more  effective  and  more 
useful  from  an  educational  point  of  view  to  induce  successive 
students  to  continue  each  other's  investigations  for  a  term  of 
years  until  definite  results  have  been  achieved.  The  college 
can  then  afford  to  invest  a  considerable  sum  of  money  in  ap- 
paratus and  will  develop  real  experts  among  its  faculty  who 
supervise  this  research.  With  a  proper  selection  of  a  few  topics 
this  policy  would  in  a  few  years  lead  to  the  formation  of  a  valu- 
able specialized  experiment  station. 

4.  As  far  as  possible,  only  subjects  of  vital  interest  have  been 
selected  for  the  list,  although  the  author  does  not  believe  that 
the  immediate  applicability  of  the  results  is  of  prime  importance. 
What  coimts  is. the  ability  to  size  up  a  situation;  to  obtain  the 
necessary  information;  to  concentrate  one's  whole  attention  and 
interest  on  a  problem,  and  to  get  definite  results.  Facts  and 
relations  that  are  of  no  practical  use  today,  may  become  very 
important  presently. 

5.  Much  valuable  work  can  be  accomplished  by  colleges  and 
their  advanced  students  through  exercising  a  wise  foresight  as  to 
future  developments  in  the  electrical  industry.  Often  manufac- 
turers feel  disinclined  to  experiment  on  subjects  whose  conmier- 
cial  usefulness  seems  remote,  and  here  is  where  a  college  can  blaze 
the  way,  clear  the  situation,  perform  the  first  preliminary  experi- 
ments and  bring  the  results  to  the  attention  of  those  who  may 
continue  the  work  on  a  larger  scale  and  with  more  accurate  means. 

6.  A  r6sum6  of  the  present  situation  is  needed  in  most  of  the 
important  topics  for  research.  Sometimes  a  student  without 
much  imagination  but  with  plenty  of  patience  may  be  utilized 
for  this  preliminary  work;  he  may  thus  become  a  useful  con- 
tributor to  the  solution  of  a  problem  where  he  would  have  failed 
if  allowed  to  undertake  an  original  investigation.  It  is  earnestly 
urged  that  students  and  others  interested  in  the  progress  of  our 
profession  do  more  of  this  kind  of  work,  describing  in  a  connected 
and  critical  manner  what  has  been  done,  how  it  was  done,  where  - 
the  information  is  to  be  fotmd,  and  what  remains  to  be  done. 
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Such  information  freely  published  in  magazines  and  trans- 
actions would  not  only  serve  as  a  powerful  stimulus  for  research, 
but  would  relieve  able  investigators  and  inventors  of  s^  great 
burden. 

Principal  Types  op  Investigations 

(a)  Invention  or  improvement  in  apparatus,  in  connections, 
in  materials,  in  methods  of  manufacture,  etc.  If  possible,  always 
take  an  investigation  of  this  kind,  because  the  progress  of  en- 
gineering art  depends  essentially  upon  invention. 

(b)  Search  in  the  patent  records  of  the  United  States  and  foreign 
countries  with  the  view  of  determining  the  state  of  the  art  in  a 
particular  subject  or  branch  of  industry.  Such  a  search  often 
saves  a  great  amount  of  labor,  expense,  and  bitter  disappoint- 
ment later  on.  Moreover,  a  thorough  knowledge  of  the  com- 
binations and  means  used  by  other  inventors  sometimes  suggests 
one  of  the  remaining  combinations  not  covered  by  patents,  or 
an  improvement  in  the  preceding  inventions.  If  students  and 
young  engineers  would  do  more  of  this  class  of  work  and  less 
promiscuous  inventing,  we  would  have  fewer  annoying  and  dis- 
appointed inventors,  and  more  inventions  of  real  value. 

(c)  An  experimental  investigation  of  some  device  or  group  of 
devices,  a  material,  a  process,  etc.,  to  determine  the  effect  of 
certain  factors,  for  future  guidance. 

(d)  A  theoretical  investigation  of  some  relationship  or  phenom- 
enon, with  the  view  to  explaining  or  generalizing  certain  ob- 
served facts;  also  to  predict  performance,  to  enable  the  designer 
to  proportion  a  piece  of  apparatus,  to  avoid  some  harmful  effect 
in  operation,  or  to  take  fuller  advantage  of  some  beneficial  effect. 

(e)  Compilative  or  semi-compilative  work,  such  as  systema- 
tization  of  notation  or  nomenclature;  comparison  of  theories, 
experiments  or  data  of  various  investigators:  unification  and  sim- 
plification of  procedure  in  design  or  in  other  computations; 
preparation  of  tables,  curves,  formulas,  etc.,  for  a  particular 
purpose;  bilbiography  of  a  given  topic,  etc. 

Advice  to  the  Young  Investigator 
1.  One  who  hopes  to  succeed  in  invention  or  research  must 
possess  persistence,  accuracy,  imagination,  resourcefulness,  good 
general  education  (so  as  to  borrow  methods  from  other  branches  of 
science)  and  in  addition  some  special  knowledge  or  skill  directly 
pertaining  to  his  problem.  It  may  be  experimental  skill,  dexterity 
with  tools,  mathematical  ability,  knowledge  of  foreign  languages. 
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etc.  Often  an  attempted  research  ends  in  failure  not  because  of 
alleged  external  difficulties  but  because  the  student  selected  the 
wrong  kind  of  problem ;  for  instance,  one  requiring  experimental 
ability,  when  his  strong  point  is  library  research.  An  insufficient 
knowledge  of  the  fundamentals  of  one's  profession  often  results 
in  a  failure  in  research,  though  it  is  sometimes  difficult  to  con- 
vince the  student  of  the  connection  between  the  two. 

2.  Before  taking  up  a  piece  of  special  research  ask  yourself 
if  the  same  time  could  not  be  more  profitably  spent  in  a  study  of 
some  more  general  topic  in  electrical  engineering.  For  example, 
would  you  spend,  say,  half  a  year  in  experimental  research  of  the 
effect  of  wave-form  of  the  applied  voltage  upon  the  core  loss  in 
a  transformer,  or  would  it  be  more  useful  for  yourself  to  put  the 
same  time  in  a  study  of  books  and  articles  on  transformers  in 
general,  their  theory,  construction,  design,  connections,  etc.? 
This  question  no  one  but  yourself  can  answer. 

3.  Remember  that  in  practically  every  case  you  expect  to 
continue  the  work  of  others;  therefore  be  particularly  careful  to 
find  out  what  has  been  done,  avoid  duplication,  and  give  due 
credit  to  the  preceding  investigators.  The  literature  search  may 
be  properly  begun  with  the  *'  Science  Abstracts,"  Part  B,  Elec- 
trical Engineering.  In  some  cases  Part  A,  Physics,  must  also 
be  consulted.  The  corresponding  German  publication  **  Fori- 
schritU  der  Elekirotechnik  **  is  also  excellent  and  perhaps  more 
systematic  ;in  addition  to  abstracts  and  periodicals  it  contains  new 
books  and  patent  specifications.  The  well  known  "  Engineering 
Index,"  and  the  card  catalogues  arranged  by  topics  and  found 
in  the  Engineering  Societies  Library  in  New  York,  in  Carnegie 
Library  in  Pittsburgh  and  in  large  college  libraries  are  also 
great  helps.  The  indexes  to  the  leading  electrical  magazines 
and  transactions  should  also  be  consulted. 

4.  When  planning  some  research  or  invention  try  to  think  of  it 
in  the  light  of  the  past  and  future  development  of  the  subject, 
and  not  as  a  detached  little  investigation  of  your  owri.  This 
means  that  you  must  connect  your  work  with  that  of  former 
investigators,  and  present  your  results  in  definite  form  so  that  the 
following  investigators  can  connect  them  with  their  work  and 
profit  by  your  labors. 

5.  There  are  problems  on  which  no  one  is  working,  either  be- 
cause the  situation  is  prematxire,  or  because  others  became  dis- 
couraged through  lack  of  results.  There  is  an  advantage  in 
working  on  such  a  problem.     Should  you  succeed,  your  credit 
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and  recognition  will  be  so  much  greater.  On  the  other  hand,  you 
are  much  safer  working  on  a  problem  already  staked  out  by 
others,  where  you  are  merely  developing  a  detail.  Some  prefer 
exploring  the  wilderness,  others  keep  near  to  beaten  paths. 

6.  Almost  any  problem  mentioned  in  the  following  list  may  be 
made  as  short  and  elementary  or  as  long  and  thorough  as  is  de- 
sired, from  a  superficial  undergraduate  thesis  finished  in  a  few 
weeks,  to  an  expert's  deep  research  carried  on  devotedly  through 
a  long  series  of  years.  Do  not  "bite  off  more  than  you  can  chew," 
but  whatever  you  decide  to  do,  do  it  well. 

7.  Do  not  try  to  maintain  secrecy  regarding  your  work,  but  try 
to  draw  into  it  and  to  interest  in  your  problem  as  many  other 
able  persons  as  you  can.  Both  you  and  they  will  be  benefited 
thereby.  Consider  yourself  to  be  but  a  thief's  apprentice  who  is 
learning  how  to  steal  nature's  secrets,  but  is  not  actually  doing 
it  yet. 

8.  Having  made  a  patentable  invention  or  obtained  a  patent 
do  not  try  to  hold  it  for  an  exorbitant  price.  Dispose  of  it  on 
the  basis  of  a  reasonable  stun  down  and  a  moderate  royalty  per 
year  or:per  piece  sold.  If  you  have  a  real  inventor's  stuff  in  you, 
you  will  make  many  more  important  and  lucrative  inventions. 
Dispose  of  your  first  effort  as  soon  as  possible;  it  will  be  an  en- 
couragement for  your  further  work. 

Electric  Generators  and  Motors 

Output    Coefficients.     Theoretical    justification    and   limitations    of    the 
D*L  formula. 

Values  of  flux  density,  ampere-conductors  per  centimeter  of  periphery, 
and  current  density  in  actual  machines. 

General  study  of  the  best  utilization  of  active  iron  and  copper. 

Elements  of  cost  of  machinery. 
Heating  and   Ventilation  of  Machinery.     Plow  of  heat  along  and  across 
laminations,    along    copper    conductors,    across    slot    insulation, 
through  thick. field  coils,  etc. 

Heat  transfer  between  various  surfaces  and  the  air,  stationary  and  in 
motion. 

Temperature  distribution  in  a  given  machine,  and  bettering  its  per- 
formance by  more  effective  cooling. 

Forced  ventilation. 

Cleaning  and  cooling  of  the  air. 

Rating  for  intermittent  service. 
Commutation  in  Direct- Current  Machines,     Actual  phenomena  of  com- 
mutation with  and  without  interpoles,  by  means  of  oscillograph. 

Commutation  on  a  device  imitating  an  actual  armature  coil. 

Interpoles,  effect  of  their  width  and  saturation;  inductive  shunts. 
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Effect  of  compensating  windings  on  performance. 

Study  of  brushes. 

Proposed  formulas  and  theories  of  commutation,  a  critical  review  of. 

Approximate  methods  of  integration  of  the  differential  equations  of 
commutation. 
Mechanical  Construction  and  Stresses  in  High-Speed  Machinery,  Sup- 
port of  armature  coils;  dovetail  stresses;  vibration  of  shaft;  stray 
currents  in  shafts;  fastening  of  field  coils;  high-speed  commutator; 
stresses  in  stationary  frame;  eccentric  rotor. 
Armature  Reactioft  and  Inductance,     Armature  reaction  in  d-c.  machines. 

Armature  reaction  in  polyphase  and  in  single-phase  alternators. 

Proposed  methods  for  compounding  alternators. 

Exact  theory  of  armature  reaction  and  practical  approximations.    * 

Leakage  inductance  of  windings,  and  the  separation  of  slot  leakage, 
end-connection  leakage,  etc. 

Theoretical  predetermination  Of  leakage  inductance. 

Transient  condition  during  short-circuit. 

Hunting. 
Polyphase  Induction  Motor.     Proposed  methods  for  speed  regulation. 

Performance  characteristics  and  circle  diagram  above  synchronism. 

Predetermination  of  power  factor  from  design  data. 

Magnetic  leakage  and  its  components. 

Exact  circle  diagrams  of  performance. 

Magnetizing  effect  of  distributed  windings. 

Experimental  separation  of  losses. 

Methods  for  accurate  determination  of  slip. 
Single- Phase  Induction  Motor,     Proposed  methods  of  starting. 

Rating  of  the  same  frame  for  one,  two,  and  three-phase  windings. 

Design  of  a  single-phase  induction  motor. 

Experimental  and  theoretical  investigation  of  the  elliptical  revolving 
field. 

Circle  diagram  of  a  single-phase  induction  motor. 
Single-Phase  and  Polyphase  Commutator    Motors,     History   of    develop- 
ment. 

Classification  of  types. 

Means  employed  for  improvement  of  commutation. 

Performance  diagrams  of  the  principal  types  of  commutator  motors. 

Comparison  from  the  point  of  view  of  speed-torque  characteristics. 

Comparison  from  the  point  of  view  of  commutation. 

Experimental  study  of  a  commutator  motor. 

General  principles  of  design. 

Complete  design  of  a  single-phase  railway  motor. 

Design  and  construction  of  a  working  model,  imitating  the  electrical 
relations  in  a  commutator  motor. 

Phase  adjusters  for  improving  power  factor. 
General  Design,     Factors  to  be  considered  in  the  design  of  a  new  line  of 
machines. 

Critical  comparison  of  procedure  used  by  various  authors. 

M.  m.  f.  required  for  the  active  layer. 

Design  of  a  line  of  small  machines  for  manufacture  in  large  quantities. 
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Layout  of  a  factory  for  production  of  a  given  line  of  electrical  ma- 
chinery. 
Improvements  in  Methods  of  Testing.     Critical  study  of  methods  for  meas- 
uring temperature,  core  loss  and  the  separation  of  hysteresis  from 
eddy  current. 

Measurement  of  friction  and  windage. 

Resistance  measurements. 

Methods  ot  loading  a  machine  by  means  of  circulating  power  (pumping 
back   methods). 

Measurement  of  speed,  slip  and  acceleration. 

Load  losses  in  single-phase  alternators. 
Special  Types  of  Electrical  Machinery.     Homopolar  generator,  reduction 
of  brush  friction,  increase  in  speed. 

Constant-current  machine  for  operating  large  arc  projectors. 

Train-lighting  generator  driven  from  car-axle. 

Automobile  starting  motor  and  lighting  generator. 

Magnetos  for  ignition. 

Synchronous  motor  with  high  starting  torque. 

Electric  variable-speed  drive  for  automobiles. 

High-frequency  alternator  for  radio  work. 

Motor-generator  set  for  intermittent  load  with  energy  stored  in  a  fly- 
wheel, such  as  are  used  in  steel  mill  and  mine-hoist  work. 

Combination  of  an  induction  motor  and  a  polyphase  commutator  motor. 

Motor-converter  consisting  of  an  induction  motor  and  a  d-c.  generator 
with  inter-connected  windings.  Permutator  or  a  converter  with 
stationary  field  and  armature  and  revolving  brushes.  Thury 
high-tension  d-c.  constant-current  machine. 

Battery  boosters  and  counter  e.  m.  f.  sets. 

Transformers 

Leakage  Reactance.     Experimental  investigation  of  the  influence  of  ar- 
rangement and  shape  of  coils. 
Theoretical  formulas  derived  from  the  equations  of  electromagnetic 

field. 
Influence  of  unequal  distribution  of  current  in  large  conductors. 
Internal  vs.  external  reactance  for  safety  of  large  systems  during  short- 
circuits. 
Economic  Relations.     The  best  distribution  of  losses  for  a  given  service. 
Amount  of  copper  and  iron  as  a  function  of  relative  prices  of  these 

materials. 
Best  values  of  flux  and  current  density. 
Influence  of  Wave-form.     Effect  upon  the  voltage  drop,  upon  the  iron  loss, 

and  upon  the  stresses  in  dielectrics. 
Temperature  Rise.     Theory  of  conduction  of  heat;  experimental  data; 
influence  of  various  factors;  safe  temperature  rise  with    various 
materials;  devices  for  forced  cooling. 
Artificial  load  for  heat  run. 
Extrapolation  of  heating  and  cooling  curves. 
Connections.     Comparison  of  delta  and  Y-connections  under  normal  and 
abnormal  conditions. 
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Analysis  of  currents  and  voltages  in  T  and  in  V  connections. 
Doubling  the  frequency  by  means  of  two  transformers. 
Electrostatic  Stresses  and  potential  gradient  in  and  around  bushings,  ter- 
minals, between  coils,  etc. 
Extra  stresses  due  to  transient  conditions. 
See  also  the  section  on  Dielectrics. 

Power  Plant  Design  and  Economics 

Standardization  of  electrical  equipment  for  smaller    plants. 

Elements  of  first  cost  and  of  operating  expenses. 

Rational  methods  of  charging  for  energy. 

Forms  and  blanks  for  accounting. 

Safety  appliances,  emergency  devices,  labor-saving  apparatus. 

Parallel  operation  of  power  plants. 

Division  of  load  between  a  steam  and  a  water  power  plant. 

Uses  of  storage  battery. 

Automatic  substations. 

Transmission  Lines  and  Cables 

Mechanical  stresses  in  towers  and  in  conductors:  influence  of  tempera- 
ture. 

Skin  effect  in  copper  covered  and  steel  wire  and  in  stranded  cable. 

Interference  between  power  and  telephone  lines;  theory,  calculation  of 
induced  currents,  experimental  investigation,  methods  for  reducing 
interference;  the  general  problem  of  transposition. 

Locating  faults  with  the  line  energized  or  dead. 

Protection  against  grounds  and  short-circuits,  sectionalization,  relays. 

Actual  experience  with  lightning  and  possible  conclusions. 

Various  types  of  protection  against  lightning. 

Theory  of  the  ground  wire. 

Current  and  voltage  relations  in  lines  with  distributed  properties. 

Standing  and  traveling  waves;  surges  and  protection  against  them. 

Experimental  mechanical  apparatus  imitating  electric  waves. 

Transient  electric  phenomena  studied  experimentally  and  theoretically. 

Kelvin's  law  of  economy  and  its  various  practical  applications. 

Computation  of  electrostatic  capacity  and  stresses  of  cables. 

Reduction  of  capacity  in  telephone  cables. 

Propagation  of  signals  in  submarine  cables. 

Electric  Traction 

General  Projects.     Design  of  a  high-speed  underground  road  for  a  large 
American  city. 
Design  of  an  elevated  road  for  local  and  express  trains. 
Electrification  of  a  large  steam  railroad  center. 
Electrification  of  a  mountain  division  of  a  steam  railroad. 
Gasoline-electric  and  straight  gasoline  cars  for  light  traffic. 
Storage-battery  car. 
Trackless  trolley  car. 

Competition  of  the  motor  bus  and  of  the  "  jitney  "  with  city,  suburban, 
and  interurban  railways. 
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The  electric  truck. 

The  electric  passenger  vehicle. 

The  dual  power  car. 

Electric  traction  of  boats  on  a  ship  canal. 

Design  and  organization  of  repair  shops  for  a  large  electric-railway 
system. 
Track,   Trolley,  Signals.     Standardization  of  the  materials,  and  of  the 
methpds  of  operation  and  maintenance. 

Rail  corrugation. 

Continuous  rail,  electric  welding,  thermit  welding. 

Bond  testers. 

Stray  currents  and  prevention  of  electrolysis. 

Overhead  construction  in  various  classes  of  service. 

Mechanical  stresses  in  trolley  wire,  in  messenger  cables,  and  in  the  sup- 
porting structures;  the  problem  of  support  on  curves. 

The  surface-contact  system. 

Sectionalization  of  trolley  circuits  in  freight  yards,  in  large  passenger 
terminals,  etc. 

Automatic  switching. 

Automatic  signals. 

The  problem  of  safe  and  quick  dispatching  of  high-speed  roads. 
Rolling  Slock.     Quick  and  accurate  predetermination  of  time-speed  curves. 

Design  of  an  apparatus  for  automatic  tracing  of  time-speed  curves. 

Resistance  to  motion  of  single  cars  and  trains. 

Special  equipment  of  an  electric  car  or  locomotive  for  various  tests  and 
experiments. 

Single-phase  locomotive  with  an  electro-dynamic  converter  or  with  a 
mercury- vapor  rectifier. 

The  possibilities  and  limitations  of  high-tension  direct-current  traction. 

Recuperation  of  power  on  electric  roads. 

Control  of  high  voltages  or  of  heavy  currents  in  an  electric  locomotive. 

Various  types  of  drive;  gears,  side- rods,  direct  drive. 

Electrically  controlled  air  brakes  for  high-speed  roads. 

Electric  Lighting* 

Light  sources:  proposed  standards;  new  types  of  electric  lamps;  posi- 
tion and  shape  of  filaments,  temperature  of  operation;  color 
characteristics,  and  effects;  design  for  special  purposes;  operating 
mechanisms. 

Lighting  accessories;  optical  properties  of  diffusing  and  reflecting  media; 
globes,  shades,  and  reflectors  for  special  purposes;  **  daylight  " 
glass;  means  for  eliminating  glare. 

Visual  photometry;  sensibility  of  photometers;  size  of  photometric 
field;  errors  due  to  instruments;  errors  due  to  operator;  effect  of 
color  sensibility^  of  observer;  recording  devices;  calibrating  devices; 
integrating  photometers;  flicker  photometers;  standardization  of 
absorbing  solutions;  means  for  eliminating  color  differences; 
standardization  of  conditions  of  measurement. 


^Contributed  by  Professor  P.  K.  Richtmyer. 
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Physical  photometry:  the  selenium  cell;  the  photoelectric  cell;  the  bolo- 
meter; the  thermopile;  absorbing  solutions;  photographic  methods; 
other  chemical  methods;  new  methods. 

Studies  in  illumination:  Survey  and  criticism  of  present  conditions  in 
various  types  interiors,  in  streets,  etc.;  intensity  and  type  of  il- 
lumination necessary  for  various  purposes;  eye  fatigue  and  visual 
acuity  as  dependent  on  intensity  of  illumination,  color,  and  system 
used;  design  of  systems  of  illumination;  illumination  calculations. 

Terminology   of   illuminating    engineering. 

Relation  of  art,  architecture,  physiology,  and  psychology  to  illuminating 
engineering. 

Application  of  Electric  Motors* 

Industries.  Agriculture,  automobile,  bakeries,  boiler  works,  bottling 
works,  box  factories,  breweries,  brick  factories,  broom  factories, 
building  construction,  candy  factories,  carpet  and  rug  factories, 
cement,  clothing,  corn  mills,  cotton  mills,  cotton  oil  seed  mills, 
creameries,  dairies,  dye  works,  flour  mills,  foundries,  freight  hand- 
ling* glass  factories,  glove  factories,  hardware  manufacture,  har- 
ness factories,  ice  machines,  irrigation,  knitting  factories,  laundries, 
lumber  mills,  machine  shops,  paper  box  factories,  paper  and  pulp 
mills,  piano  factories,  pipe  mills,  planing  mills,  porcelain  factories, 
railways,  refrigeration,  rubber  industry,  shoe  factories,  shoe  re- 
pairing, soap  factories,  spice  factories,  steel  mills,  stone  quarries, 
stove  factories,  sugar  industry,  tanneries,  textile  mills,  tile  factories, 
tobacco  factories,  trunk  factories,  wagon  factories,  wall  paper 
factories,  woodworking  factories,  woolen  and  worsted  mills. 

Classes  of  Service,  Air  compressors,  blowers,  coal  cutters,  concrete  mix- 
ers, conveyors,  cranes,  crushers,  dental  appliances,  dredges,  ele- 
vators, exhausters,  fans,  hoists,  ice  cream  freezers,  lime  kilns,  locks, 
pumps,  printing  presses,  rock  drills,  sewing  machines,  ship  pro- 
pulsion, towing  machinery,  turn-tables,  vacuum  cleaners,  vehicles, 
washing  machines. 

Measuring  Instruments  and  Methods 

General.     Study  of  characteristics,  errors,  cost  of  manufacture,  etc.  of  a 
given  type  of  meter. 
Development  of  a  new  type  to  meet  competition  in  price  or  to  avoid 

infringing  certain  patented  features. 
Design  of  a  complete  calibrating  equipment  for  a  manufacturing  con- 
cern, an  operating  company,  a  testing  laboratory,  a  college,  etc. 
Special  instruments,  such  as  a  double  tariff  meter,  a  maximum-demand 
indicator,   a   volt-ampere   meter,   an   automatic   synchronizer,   a 
phase  displacement   meter;   instruments,   for   recording   rapidly- 
fluctuating  currents  and  voltages,  etc. 
Instrument  transformers.     Design,  methods  of  calibration,  errors,  exact 

theory,  vector  diagrams,  etc. 
Extra- Accurate  measurement  of  various  quantities  used  in  electrical  en- 
gineering,  viz.,  current,   voltage,   power,   resistance,  inductance, 
*Contribated  by  Mr.  D.  B.  Ruahmorc.  ^^  ^ 
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capacity,   speed,   acceleration,   slip   torque,   magnetic  properties, 

dielectric  properties. 
Analysis  of  methods,  errors,  applicability  in  various  cases,  new  devices 

and  new  diagrams  of  connections. 
Magnetic  Measurements.     Measurement  of  permeability,  core  loss  and 

retentivity. 
Effect  of  composition  and  treatment  of  steel  upon  its  magnetic  proper- 
ties. 
Heusler  alloys. 
Experimental  investigation  of  distribution  of  a  magnetic  field,  using  an 

analogous  condition  of  flow  of  heat  or  electricity  through  metal, 

or  flow  of  water. 
Detection  of  flaws  in  rails  by  a  magnetic  method. 
Relays,     Overload,  underload,  and  reverse  load;  over  or  under- voltage, 

high  and  low  frequency,  low  power  factor. 
Merz-Price  and  similar  selective  arrangements. 

Time  characteristics,  instantaneous,  definite  time,  inverse  time,  etc. 
Relays  for  regulating  voltage  of  generators,  batteries,  feeders,  etc. 
Regulation   of    power    factor,   frequency,  speed,  etc.    by    means    of 

relays. 
Relays  for  submarine  telegraphy. 

Radio  Transmission* 

Methods  for  producing  damped  oscillations  for  transmission  purposes. 

Methods  for  producing  damped  oscillations  of  particularly  constant 
amplitude  for  laboratory  measurement  purposes. 

Methods  for  producing  undamped  or  continuous  oscillations  for  trans- 
mission purposes. 

Study  of  radio  detectors. 

Study  of  radio  amplifiers. 

Study  of  the  "  beats  "  receiver  and  methods  for  producing  oscillations 
for  the  same. 

Comparison  of  "  tikker  "  and  "  beats  "  receiver  for  the  reception  of 
undamped   waves. 

Advantages  and  disadvantages  of  using  the  "  beats  "  receiver  for 
damped  waves. 

Directive  radio  communication.  Study  of  the  variation  of  signal  in- 
tensity with  varying  wave  lengths.  Methods  of  modulating  the 
antenna  current  for  radio-telephony. 

Design  of  a  compact  portable  decremeter. 

Study  of  radio  measuring  instruments. 

Design  and  construction  of  portable  radio  sets. 

Design  and  construction  of  radio  apparatus  suitable  for  instruction  and 
demonstration. 

Modern  theories  of  propagation  of  electromagnetic  waves  (without 
mathematics). 

Experimental  determination  of   *'  radiation  resistance." 

Mathematical  theory  of  radio  transmission. 

■^Contributed  by  Mr.  C  W.  Ballard. 
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Dielectrics 

Experimental  study  of  various  insulating  materials  under  various  condi- 
tions of  service. 

Theory  of  dielectric  stresses  in  two  dimensions  by  means  of  conjugate 
functions. 

Experimental  investigation  of  distribution  of  an  electrostatic  field 
using  an  analogous  condition  of  flow  of  heat  or  electricity  through 
metal,  or  flow  of  water. 

Surface  resistivity. 

Design  of  high-tension  insulators,  bushings,  transformer  insulation,  etc. 

Reliability  of  spark  gaps  of  various  shapes. 

Measurement  of  extra-high  voltages. 

Design  and  construction  of  a  transformer  for  testing  purposes. 

Study  of  insulating  oils;  development  of  a  practical  and  reliable  test. 

Compressed  gas  as  electric  insulation. 

Miscellaneous  Problems 

Agriculture,  electricity  in. 

Amplifiers  for  weak  currents  and  voltages. 

Arc  phenomena. 

Automobile  starting,  lighting,  ignition. 

Atmospheric  electricity,  oscillograph  study  by  means  of  an  antenna. 

Circuit  breakers. 

Electromagnets. 

Farm  lighting  and  power. 

Fixation  of  atmospheric  nitrogen. 

Fuses. 

Heating  and  cooking;  heat  accumulators;  high-resistivity  alloys; 
temperature  control:  insulation. 

Magnetic  separation  of  iron  ores. 

Marine  applications  of  electricity;  electric  drive  of  an  ocean  steamer. 

Pictures,  transmission  of,  by  electricity. 

Precipitation  of  suspended  matter;  smoke  abatement. 

Rectifiers,  aluminum,  cathode  ray,  mercury,  revolving,  vibrating 
contact. 

Safety  rules,  standardization  rules,  and  standard  specifications  of 
various  associations  in  this  country  and  abroad;  a  critical  com- 
parison. 

Submarine  signaling. 

Thermo-electricity,  generation  directly  from  fuel. 

Telegraphy,  rapid,  multiplex,  submarine  with  alternating  currents. 

Telephone  apparatus  for  the  deaf. 

Telephone  transmitters  of  great  power;  sensitive  telephone  receivers 
and  relays,  phantom  circuits.. 

Water  purification  by  electricity. 

Welding,  electric. 

APPENDIX 

In  connection  with  the  suggestion  that  the  A.  I.  E.  E.  should 
encourage  systematic  research  under  the  auspices  of  its  Educa- 
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tional  Committee,  the  following  description  of  the  organization 
and  work  of  the  Research  Committee  of  the  A.  S.  M.  E.  is  given 
by  Mr.  R.  J.  S.  Pigott,  a  member  of  the  committee. 

The  object  of  the  Research  Committee  is  to  promote  the  investigation 
of  phenomena,  operations,  or  results  of  experiments  concerning  funda- 
mental laws  on  which  engineering  practise  is  based,  and  to  place  such  data 
in  permanent  and  basic  form.  The  general  committee  meets  at  stated 
intervals  to  consider  suggested  research  subjects  and  to  appoint  sub- 
committees to  do  the  actual  work  of  research.  Generally,  the  chairman 
of  the  sub-committee  is  a  member  of  the  general  committee,  but  not 
necessarily  so.  The  present  sub-committees  are  those  on  fuel  oil,  ma- 
terials of  electrical  engineering,  safety  valves,  worm  gears,  lubrication, 
clinkering  of  coal,  steam  flow  meters,  laboratory  systems  and  methods; 
and  a  committee  on  investigation  of  machine  tools  is  under  consideration. 

The  chairman  and  members  of  the  sub-committee  either  carry  on 
research  in  their  particular  field,  themselves,  by  cooperation  with  manu- 
facturers, or  else  have  the  work  done  by  an  interested  manufacturer. 
In  general,  the  expense  of  the  research  is  borne,  therefore,  by  the  interested 
parties  and  not  by  the  society. 

Up  to  the  present  time  the  committee  has  not  presented  any  final 
reports,  but  the  work  on  worm  gearing  is  well  under  way,  and  also  that 
on  steam  flow  meters.  As  research  work  is  usually  lengthy,  final  reports 
in  less  than  two  or  three  years  are  not  to  be  expected.  As  noted  in  the 
definition  of  the  activities  of  the  committee,  the  work  may  consist  in 
some  cases  merely  of  collation  of  existing  data  and  putting  them  in  usable 
form,  rather  than  of  original  research. 
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Discussion  on  Suggestions  for  Electrical  Research  in 
Engineering  Colleges'*  (Karapetoff),  Cleveland, 
Ohio,  June  30,  1916. 

J,  B.  Whitehead:  There  is  truth  in  what  Prof.  Karapetoff 
has  to  say  about  the  products  of  research  from  Germany  and 
England.  I  do  not  know  that  it  is  quite  as  definite  as  he  would 
imply,  but  I  have  in  mind  the  character  and  form  of  the  publica- 
tion of  the  results  of  research  as  given  in  the  German  and  Eng- 
lish periodicals;  and  the  publications  of  the  German  and  Eng- 
lish engineering  societies,  I  think  are  superior  to  those  of  our 
own.  I  would  make  a  plea  here  for  a  more  careful  editing  of  the 
publications  of  our  American  research.  Certainly  a  comparison, 
particularly  of  the  German  publications,  with  our  own  will, 
I  think,  indicate  that  there  is  truth  in  what  I  say,  namely,  that 
these  publications  are  better  prepared.  The  precautions  that  are 
taken  in  experimental  work  are  better  described,  and  more 
effort  is  made,  and  I  suppose  more  careful  editing  accompanies 
the  publication  of  the  results  of  experiments  abroad. 

As  regards  the  special  fields  of  investigation  in  different 
universities  and  colleges  as  related  to  their  particular  equipment, 
I  do  not  believe  that  is  a  practical  suggestion.  I  think  that 
research  is  a  question  of  men  and  minds,  more  than  it  is  of 
equipment  and  location.  I  do,  however,  believe  that  continu- 
ation of  a  particular  subject-  that  has  once  been  started  is  a 
most  prolific  and  valuable  principle  to  have  in  mind.  It  is  one, 
fortunately,  which  results  naturally  in  the  course  of  events — 
when  a  particular  line  of  research  develops  and  a  mature  student 
or  a  professor  is  conducting  research,  it  is  most  nattural  that  he 
should  invoke  the  assistance  of  the  younger  men,  and  the  younger 
men's  interest  is  at  once  attracted,  and  so  the  work  continues 
naturally.     This  condition  obtains  in  many  places  now. 

I  believe  that  the  suggestion  of  prizes  for  investigations  is 
a  very  good  one.  We  have  a  number  of  prizes  in  this  country 
now  for  conspicuously  valuable  results  of  research,  but  they  are, 
I  think,  usually  given  as  rewards  for  completed  efforts,  for  more 
matture  work.  I  believe  the  offering  of  prizes  for  work  done  by 
young  men,  perhaps  before  they  leave  college,  would  be  a  very 
valuable  incentive. 

The  suggestion  of  a  Research  Committee  is  not  a  new  one. 
I  had  in  my  hand  before  I  left  my  office,  and  expected  to  bring 
with  me,  a  small  pink  leaflet  that  perhaps  some  of  those  present 
will  remember.  It  was  headed  "Committee  on  Cooperative 
Research,"  and  I  think  the  date  was  1903  or  1904.  That  leaflet 
sets  forth  a  number  of  subjects  from  which  in  the  minds  of  the 
Committee  profitable  results  might  be  obtained.  I  was  interested 
to  find  that  a  ntunber  of  the  subjects  which  were  suggested  in 
that  comparatively  short  list  are  still  to  be  found  in  Prof.  Karape- 
toflf's  list. 

I  do  not  think  that  the  list  of  subjects,  such  as  given  by  Prof. 
Karapetoff,  goes  very  far  in  helping  the  investigator  on  his  w^p^^^Tp 
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Fields  for  study  and  for  investigation  are  not  difficult  to  point 
out.  I  have  found  in  my  relation  to  this  subject  that  it  is  far 
more  important,  not  only  to  suggest  the  subject,  but  to  outline 
the  attack.  It  is  almost  always  indispensable  that  this  should 
be  done.  Obviously,  an  investigation  cannot  be  attacked  in 
any  direction  without  a  complete  siu^ey  of  the  literature  and 
the  work  which  has  already  been  done.  It  is  not  possible, 
however,  to  entrust  to  a  young  investigator  a  study  of  the  litera- 
ture and  to  leave  him  to  work  out  the  lines  of  his  attack.  You 
can  point  out  the  literature  to  a  student  and  tell  him  where  to 
go  so  that  he  can  make  a  survey  of  the  whole  field,  but  even  then 
he  cannot  digest  it.  His  judgment  is  not  sufficiently  matured 
to  enable  him  to  decide  which  are  the  contributions  most  valuable 
to  the  particular  line  of  attack  he  has  in  mind.  I  have  found 
much  to  my  discomfort  that  it  is  the  duty  of  one  who  is  attempt- 
ing to  inspire  research  work  to  go  much  further  than  to  simply 
suggest  the  subject.  It  is  almost  invariably  a  case  of  outlining 
the  apparatus  and  the  equipment,  and  generally  also  ordering  it. 

Alan  E.  Flowers:  I  think  a  great  many  colleges  have  made 
use  of  lists  of  thesis  subjects,  such  as  are  submitted  here,  possibly 
not  so  long,  possibly  more  varied  in  some  cases.  Such  a  list 
has  very  generally  been  found  to  be  very  useful  as  a  starting 
point,  and  nothing  that  I  say  later  should  be  constiued  as  op- 
posed to  the  idea  of  having  such  lists,  but  it  is  certainly  true,  as 
Prof.  Whitehead  has  just  said,  that  the  most  important  thing 
is,  that  the  list  should  be  supplemented  by  personal  interview 
and  by  a  considerable  amount  of  suggestion  and  in  some  cases  of 
instruction. 

I  am  also  very  much  interested  in  the  idea  which  is  advanced 
in  the  paper,  of  giving  prizes  for  research  work.  It  has  always 
been  a  matter  of  great  regret  to  me  that  the  original  plan  for 
the  Edison  Medal  was  not  so  arranged  that  the  medal  wotdd 
be  made  available,  in  some  measure  at  least,  for  worthy  under- 
graduate theses.  As  I  remember  the  conditions,  there  was  a 
certain  age  limit,  and  in  addition  it  was  provided  that  the 
thesis  should  be  entirely  the  work  of  one  man.  In  nine  theses 
out  of  ten,  the  thesis  is  the  product  of  two  workers.  There  are 
several  reasons  for  this.  One  of  them  is  the  necessity  in  a  great 
many  cases,  particularly  the  case  of  experimental  theses,  for 
two  observers,  and  as  it  is  out  of  the  question  for  a  student  to 
hire  his  observer,  he  must  have  a  co-worker.  This  provision 
eliminated  most  of  the  theses  of  any  value. 

I  think  the  conditions  for  such  prizes  could  readily  be  changed 
so  as  to  greatly  stimulate  experimental  research  work  in  the  case 
of  the  imdergraduate,  and  I  rather  think  that  there  is  some  need 
for  such  stimulation,  because  the  student  who  conducts  an  experi- 
mental research  thesis  is  greatly  handicapping  himself  as  com- 
pared with  the  student  who  conducts  almost  any  other  type  of 
thesis.  He  is  very  sure  to  put  in  more  time  on  the  work;  he  is 
very  sure  to  have  more  worry;  and  he  is  very  unsure  to  get  re- 
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suits  that  will  satisfy  anybody.     Anything  within  reason  that 
can  be  done  to  encoiirage  and  help  the  experimental  thesis  is, 
in  my  opinion,  worth  while  doing. 

I  am  quite  sure  that,  however  much  I  would  object  to  an  educa- 
tional committee  or  a  research  committee  defining  what  subjects 
certain  places  shotild  take,  there  is  a  great  good  to  be  obtained 
by  getting  major  lines  started  at  particular  places  and  endeavor- 
ing to  make  it  possible  to  continue  that  line  of  work  at  that 
place. 

The  reason  I  object  to  the  scheme  of  fastening  research 
subjects  on  places,  is  that  I  believe  the  most  important  thing  is 
to  keep  the  door  wide  open  for  a  large  number  of  individual 
suggestions.  Whenever  we  begin  to  use  the  fixed  method,  what 
might  be  called  the  autocratic  method,  it  seems  to  me  we  are 
killing  off  the  most  valuable  and  the  most  useful  of  the  possi- 
bilities, that  is,  the  origination  of  ideas,  the  origination  of  sub- 
jects, the  carrying  on  of  individual  work  and  the  encouragement 
of  originality. 

Scholarships  would  help,  to  a  certain  extent  and  possibly 
the  most  useful  thing  wotdd  be  something  in  the  nature  of  indus- 
trial scholarships,  made  available,  not  for  the  undergraduate,  but 
for  the  graduate  student.  The  undergraduate  student  who  shows 
ability  in  research  and  has  originality,  would  be  encouraged 
by  the  prize  and  he  might  then  very  easily  be  led  on  to  the  post- 
graduate work  of  great  value. 

I  think  that  great  good  might  come  to  the  Institute  from  a 
Research  Conmiittee.  I  am  a  member  of  the  Research  Committee 
of  the  American  Society  of  Mechanical  Engineers,  and  I  have 
been  very  greatly  impressed  by  the  possibilities  of  that  com- 
mittee's work. 

I  feel  it  would  be  hardly  right,  however,  to  leave  this  subject 
without  sa5dng  one  more  word  about  "prizes*'  I  mean  by  that, 
compensation.  I  am  afraid  that  at  the  present  time  there  has 
come  into  existence  the  idea  that  in  research  "virtue  is  its  own 
reward."  So  far  as  I  can  see,  the  relations  between  compensa- 
tion in  research  work  and  compensations  for  other  kinds  of 
work  is  very  much  to  the  detriment  of  the  research  worker, 
whether  he  be  working  in  pure  science  or  applied  science.  That 
seems  to  me  a  fundamentally  wrong  condition,  and  I  think  it 
ought  not  to  pass  imnoticed.  It  is  not  only  a  question  of  the 
right  of  the  thing,  but  also  a  question  of  the  amount  of  work 
that  might  be  done.  It  is  a  question  of  the  encouragement  of 
additional  work.  I  have  long  had  the  feeling  that  there  ought 
to  be  some  special  form  of  compensation,  besides  whatever 
there  may  be  in  the  way  of  salary,  whatever  there  may  be  in 
the  way  of  reputation,  that  will  come  to  the  worker  for  each 
particular  thing  which  he  brings  out.  I  see  no  reason  why,  a 
research  worker,  who  reaches  results  of  value,  and  allows 
them  to  be  put  on  the  market,  should  not  get  royalties,  should 
not  have  the  sort  of  thing   granted  an  independent  invention.": 
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The  large  companies  ought  to  give  serious  consideration  to 
granting  some  special  royalty  or  lump  payment  for  each  inven- 
tion developed  by  one  of  their  workers. 

C.  E.  Skinner:  My  attitude  toward  this  subject  is  probably 
quite  different  from  that  of  the  man  in  the  university,  as  my 
whole  experience  has  been  in  connection  with  a  large  corporation. 
I  have  many  times  been  asked  by  university  men  to  suggest 
subjects  for  research  work.  I  find  it  a  very  difficult  thing  to  do, 
because  it  is  hard  to  outline  the  surrounding  conditions  to  the 
man  undertaking  the  research.  One  does  not  always  know  the 
facilities  at  his  command,  and  the  large  corporation  is,  as  we 
all  know,  whether  you  are  inside  or  outside,  somewhat  jealous 
of  the  information  leading  to  new  things. 

I  think  that  some  of  the  cautions,  some  of  the  advice,  given 
by  Prof.  Karapetoff  are  very  good  indeed,  and  I  am  not  sure  that 
some  of  his  subjects,  shown  in  the  list,  are  not  too  large.  I  fre- 
quently tell  my  associates  that  no  matter  what  a  subject  is,  no 
matter  how  small  it  seems  to  be,  if  one  goes  into  it  completely — 
going  into  literature  the  first,  which  should  always  be  done, 
going  into  the  investigation  with  a  view  to  finding  out  about 
all  that  can  be  found  out  about  a  particular  thing — the  subject 
will  grow  and  the  interest  will  grow. 

It  very  often  happens  that  the  by-product  of  the  research 
is  of  far  greater  value  than  the  direct  result.  A  research  may  be 
entirely  successful  when  it  proves  that  the  object  sought  cannot 
be  attained.  It  is  very  hard  for  young  men,  particularly,  to 
get  that  viewpoint,  that  the  proof  that  a  certain  thing  cannot 
be  done  in  the  way  he  had  an  idea  it  could  be  done  is  of  as  much 
value,  perhaps,  as  the  doing  of  the  thing  he  sought.  It  practi- 
cally always  transpires  that  in  the  case  of  doing  research  of  that 
kind  there  are  some  by-products  which  are  extremely  valuable 
and  make  very  good  leads  for  further  research.  Having  that  in 
mind  the  suggestion  of  continuous  work  on  a  subject  when  once 
undertaken  is  very  good. 

I  have  been  very  much  interested  in  the  last  year  with 
the  attempts  of  some  of  the  British  people  in  endeavoring  to  match 
up,  if  possible,  with  the  German  research.  This  war  has  brought 
home  to  the  English,  as  nothing  else  could  possibly  do,  the  de- 
sirability of  working  in  advance  of  anything  they  have  hitherto 
done.  I  think  that  ought  to  come  to  us  in  America  in  the  same 
way.  We  have  had  a  stimulus  here  in  the  enormous  orders  for 
material,  and  we  have  had  a  stimulus  in  the  cutting  off  of  many 
materials  which  before  the  war  were  available,  and  research 
in  industrial  lines  is  going  along  at  a  very  rapid  rate.  The  Eng- 
lish people  feel  that  on  account  of  their  having  a  very  large 
number  of  relatively  small  corporations,  that  it  may  not  be  pos- 
sible for  any  one  of  these  corporations  to  carry  on  the  work  in 
an  entirely  satisfactory  way.  Consequently,  they  are  talking 
.  6f ;"  a  co-operative  research  arrangement  which  would  take  in 
th«  industrial  corporation,   the  university,  and  whoever  else 
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might  be  interested.    There  is  a  germ  of  thought  there  for  us, 
that  some  sort  of  co-operation  is  desirable. 

It  is  not  easy  for  the  industrial  corporations  to  line  up  on  this 
matter  of  research,  on  account  of  the  fact  that  most  industrial 
corporations  in  this  country  depend  for  their  business  on  the 
protection  given  by  patents.  Patent  protection,  as  we  all  know, 
is  a  difficult  enough  matter  as  it  now  stands,  without  having 
the  added  difficulty  of  the  suggestion  proposed,  that  is,  the  re- 
search being  made  by  the  corporation,  andthen  the  idea  developed, 
patented  by  some  one  outside,  with  no  control  by  the  corpora- 
tion resulting.  If  our  business  is  founded  on  patent  protection, 
then  we  must  have  control,  and  while  the  work  of  the  university 
can  be  of  great  assistance,  it  is  difficult  to  tie  that  up  in  a  satis- 
factory way  with  the  control  that  must  be  had  by  the  industrial 
corporation. 

I  have  stated  on  a  number  of  occasions,  that  it  was  a  shame 
to  have  the  equipment  which  is  possessed  by  many  of  the  uni- 
versities, idle  three  hundred  and  sixty  out  of  the  three  hundred 
and  sixty-five  days  of  the  year,  when  many  companies  would 
have  been  glad,  if  they  could  get  possession  of  that  equipment, 
to  use  it  three  hundred  days  in  the  year  and  make  it  efficient. 
It  is  too  much  like  the  farm  machinery  which  is  used,  for,  let 
us  say,  one  week  of  the  year,  and  the  rest  of  the  year  it  stands 
out  in  the  weather.  There  is  any  quantity  of  such  equipment 
in  the  technical  universities  of  the  cotmtry  which  ought  to  be 
efficiently  used  and  used  throughout  the  greater  part  of  the  year. 

Just  what  arrangement  can  be  made  for  accomplishing  this  de- 
sirable result  of  cooperation  between  the  corporation,  which  must 
use  the  results,  and  the  individual  research  worker,  either  imder- 
graduate  or  post-graduate,  I  am  not  sure.  I  have  worked  out 
a  few  individual  cases,  but  more  with  a  view  of  training  research 
men  than  any  hope  that  the  work  in  the  school  would  be  very 
productive,  so  far  as  actual  researches  were  concerned.  As  a 
training  for  research  men,  it  has  proven  very  valuable. 

F.  C.  Caldwell:  It  does  seem  that  some  kind  of  co-operation 
between  the  various  engineering  colleges  where  thesis  work, 
both  undergraduate  and  graduate,  is  being  done,  would  be  very 
desirable.  We  must  all  feel  the  lack  of  effectiveness  that  we 
experience  in  connection  with  much  of  this  work.  Along  the 
line  of  what  Mr.  Skinner  has  said,  we  have  to  remember  that  the 
primary  object  of  undergraduate  research,  is  not  the  production 
of  valuable  results,  but  the  training  of  men,  who  are  largely 
beginners,  so  far  as  this  kind  of  work  is  concerned. 

What  is  needed  is  some  kind  of  clearing  house  between  the 
various  institutions  to  help  in  avoiding  unnecessary  duplication 
of  work.  In  some  cases,  especially  with  undergraduate  work, 
recognized  duplication  is  a  good  thing,  on  account  of  the  checking 
of  the  results  obtained.  This  also  would  be  facilitated  by  such 
an  arrangement. 

One  other  point  is  perhaps  suggested  in  one  of  Professor 
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Karapetoff's  items,  the  desirability  of  selection  of  the  men  who 
are  to  do  undergraduate  research.  We  try  to  guide  men  who 
seem  to  have  no  talent  for  investigation,  and  no  very  great  inter- 
est in  it,  into  other  kinds  of  thesis  work.  We  give  them  a  design 
or  a  compilation,  and  thus  reserve  the  energy  of  the  instructing 
force  and  the  equipment  for  the  few  men  who  seem  to  give  prom- 
ise of  really  accomplishing  something  in  the  way  of  research 
and  of  really  gaining  something  by  the  training  which  their  work 
along  this  line  will  give  them. 

E.  E.  F.  Creighton:  I  think  the  most  valuable  suggestions 
regarding  research  work  were  given  by  our  President  in  his 
address  at  the  opening  of  the  Convention  a  few  days  ago.  This 
whole  question,  especially  the  educational  side,  is  of  the  utmost 
importance.  There  is  not  the  slightest  possibility  at  the  present 
time  that  we  can  have  too  much  research  taught.  More  theses 
should  be  written,  beginning  with  a  student's  freshman  year. 
Progress  is  dependent  mostly  upon  research  and  invention. 
The  idea  seems  to  have  gone  around  that  the  inventor  has 
an  especially  fine  mind,  that  he  was  bom  clever.  I  think  it  is 
a  misconception.  There  are  degrees  of  ability  shown  in  lawyers, 
mechanics,  doctors,  engineers,  inventors,  and  so  on.  It  is  not 
a  question  of  relative  ability  in  these  several  activities,  but  train- 
ing. Research  and  invention  come  from  the  suitable  concomitant 
attitude  -of  mind  or  view-point.  Invention  can  be  taught  as 
readily  and  as  certain  of  results  as  any  of  the  professions.  A 
definite  course  of  educational  work  could  be  laid  out,  I  believe, 
which  would  produce  inventors  by  thousands.  Most  of  the 
training  in  life,  from  infancy,  is  opposed  to  the  production  of 
inventors.  It  is  too  much  to  discuss  at  this  time  but,  briefly  put, 
I  believe  inventors  would  appear  in  numbers  if  everybody  would 
give  the  mental  attention  they  now  apply  to  **What  will  people 
think  of  me  if  I  do?  '*  to  **  What  will  nature  do  for  me  if  I  do?" 

To  show  the  results  of  the  attitude  of  mind  I  wish  to  draw  a 
contrast.  In  a  big  organization  they  have  their  work  divided 
into  many  different  departments.  Two  of  these  are  Sales  Depart- 
ment and  Invention  or  Research  Department.  The  attitude  of 
the  mind  of  a  salesman  is  such  that  he  could  not  possibly  invent. 
The  attitude  of  mind  of  the  inventor  is  such  that  he  makes  an 
extremely  poor  salesman.  The  salesman  must  always  look  to 
the  attractive  points,  the  advantageous  points  of  the  things  he 
has  to  sell.  These  are  known  colloquially  as  the  '^talking  points." 
He  must  so  impress  the  purchaser.  On  the  other  hand,  the 
research  man  or  inventor  must  skim  over  the  things  that  go  right 
and  he  must  worry  himself  night  and  day  about  the  little  things 
that  go  wrong.  Start  an  inventor  out  in  the  sales  business, 
and  he  will  tell  the  prospective  customer  all  the  things  that  are 
wrong  about  the  apparatus  rather  then  the  things  that  go  right. 

Before  the  war  started,  we  had  an  organization  of  advanced 
students  in  industrial  work,  and  it  fell  to  my  lot  to  take  these 
students,  who  were  all  graduates  of  colleges,  for  two,  three,  or 
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six  months  and  use  them  in  the  laboratory.  I  have  had  many 
illuminating  experiences.  I  got  far  enough  in  this  work  to  be 
able  to  tell,  with  a  fair  degree  of  certainty,  where  a  man  came 
from  simply  by  watching  how  he  went  at  his  work.  One  illus- 
tration— three  men  were  independently  given  a  problem,  and  I 
was  unable  to  see  them  again  for  two  days.  The  first  man  went 
to  the  University  library  where  he  combed  the  shelves  for  infor- 
mation on  the  subject.  It  happened  to  be  an  investigation  of  a 
new  type  of  protective  apparatus.  He  reported  that  he  was 
sorry  that  he  was  away  from  the  big  libraries  where  he  could 
constilt  the  authorities.  (Incidently  there  were  no  authorities 
on  this  subject.)  The  second  man  was  of  a  mathematical  turn, 
and  he  sat  down  with  a  pencil  and  got  his  ftmdamental  equation 
started,  and  attempted  to  solve  the  problem  by  differential 
equations.  He  had  landed  at  the  point  where  he  had  an  expres- 
sion that  he  could  not  solve.  The  third  man  did  not  think 
about  looking  up  published  material,  and  tried  no  mathematics, 
but  he  went  into  the  shop  and  commenced  to  make  up  a  device 
to  try  out. 

Now,  of  these  three  men,  the  first  one  was  educated  in  Paris, 
and  like  the  French,  venerated  the  authorities  4n  science.  That 
was  his  view-point.  The  second  man  was  educated  in  one  of 
our  best  eastern  colleges,  where  they  do  a  great  deal  of  still 
thinking  and  a  great  deal  of  mathematical  work,  and  although 
his  tastes,  as  I  found  subsequently,  were  such  as  to  allow  him 
to  do  experimental  work,  he  had  been  trained  to  immobile  think- 
ing. The  third  man  was  from  the  good  old  wooly  West  where 
they  have  not  formed  the  habit  of  looking  up  the  subject  or  refer- 
ring to  some  authority.  It  seems  to  me  that  **try  it"  is  the  funda- 
mental need  in  all  research  work. 

Some  time  ago  I  had  the  pleasiu-e  of  giving  some  young  men 
a  chance  to  train  themselves  for  invention.  To  help  me  prove  my 
point,  I  foimd  that  as  soon  as  they  got  the  view-point  of  the  inven- 
tor they  could  invent  on  short  notice.  I  remember  one  instance, 
where  two  of  them  made  three  inventions  in  ten  minutes.  All 
of  these  inventions  did  not  ripen  into  patents,  but,  nevertheless, 
they  caught  the  view  point  and  invented. 

We  often  hear  discouraging  remarks  made  to  young  investiga- 
tors stating  that  they  are  beginning  to  investigate  before  they 
have  had  any  training.  It  is  a  great  mistake  to  assume  that  one 
must  be  familiar  with  current  scientific  facts  before  beginning 
to  investigate  independently — very  much  book  knowledge  is 
liable  to  be  an  overwhelming  handicap  and  a  damper  to  one's 
enthusiasm.  The  kindergarten  is  the  f>lace  to  begin  investigation 
and  invention.  The  work  of  Mari  Montesorri  is  one  of  the  best 
illustrations  of  this  theory.  If  her  methods  could  be  carried 
along  through  the  grammar  schools  and  the  colleges  the  scientific 
world  would  move  forward  in  leaps  and  bounds. 

In  the  university  world  I  know  of  one  professor  who,  I  think, 
has  the  proper  view-point  for  training  investigators.    Professor 
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Sanford  of  Stanford  University  started  his  work,  and  is  still 
carrying  it  on,  in  the  face  of  a  great  deal  of  opposition.  In  his 
course  in  physics  he  took  away  the  books  from  the  students  and 
gave  them  a  lot  of  simple  apparatus  to  work  with  and  set  them 
at  it.  The  criticisms  of  his  methods,  especially  by  the  engineering 
students,  were — I  can  characterize  them  in  one  expression — 
**If  I  were  a  Faraday,  I  could  get  something  out  of  that  course." 
That  is  a  great  mistake.  Every  investigator  must  have  a  start. 
I  have  been  surprised  at  the  young  fellows  who  have  worked 
with  me,  who  have  made  an  investigation,  gathered  their  data, 
and  then  not  knowing  what  to  do  with  it,  have  gone  to  some  book 
to  find  out  what  it  might  mean. 

As  a  last  proof  that  my  theory  is  correct,  I  will  cite  the  case 
of  the  Italian  janitor  in  our  laboratory,  whom  I  set  to  work  on 
research  work.  He  has  embarrassing  moments  with  his  arith- 
metic and  spelling,  but  nimble  fingers  and  an  active  mind  are 
gathering  in  much  useful  data. 

D.  D.  Ewing:  It  seems  to  me  the  trend  of  the  discussion 
has  been  mostly  along  the  line  of  invention.  I  think  that  there 
is  a  great  deal  of  research  work  that  can  be  carried  on  in  a 
university,  that  ^oes  not  have  anything  to  do  with  invention. 
Research  work  on  subjects  like  the  one  which  forms  the  basis  of 
the  paper  following  this  one,  "Tractive  Resistances  to  a  Motor 
Delivery  Wagon  on  Different  Roads  and  at  Different  Speeds," 
is  a  fair  example  of  what  I  have  in  mind.  Traffic  studies 
relating  to  the  transportation  of  passengers,  the  delivery  of 
freight,  the  relation  of  traffic  to  schedules  and  car  routing, 
and  great  variety  of  other  engineering  economic  subjects  are 
fruitful  lines  of  research,  the  work  on  which  can  be  carried  on  in 
universities  as  well  as  anywhere  else.  We  should  not  get  it  into 
our  heads  that  the  only  kind  of  research  work  is  the  research 
work  which  leads  to  invention. 

Regarding  the  alignment  of  research  work  in  imiversities  and 
colleges,  I  think  that  that  depends  on  whether  the  research 
work  is  being  done  for  the  purpose  of  pure  research  and  the 
results  which  come  from  such  research,  or  whether  it  is  being 
done  for  the  purpose  of  training  young  men. 

I  object  to  spoon-feeding  the  students.  Too  much  alignment 
and  guidance  are  not  good  for  the  student.  The  primary  fimction 
of  the  university,  in  my  opinion,  is  to  train  men  and  not  to  get 
definite  results  in  research  work.  Such  results,  however,  as  we 
do  get  I  think  should  be  recorded  where  they  may  be  available 
to  all,  and  that,  to  me,  is  the  crux  of  Prof.  Karapetoff 's  paper. 
I  desire  to  say  a  word  regarding  another  line  of  research  mentioned 
in  Prof.  Karapetofl's  paper,  namely,  that  of  Hbrary  researches. 
Such  work,  I  believe,  can  be  carried  on  in  the  university  to  better 
advantage  than  in  the  factories  of  manufacturing  companies, 
or  by  engineers,  or  by  the  research  men  of  operating  companies, 
because  of  the  Ubrary  facilities  that  are  available  to  university 
men,    I  think  that  one  of  our  great  difficulties,  at  least  at  Purdue 
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University,  is  to  get  men  to  do  library  research.  The  students 
all  want  to  do  experimental  research.  Prof.  Flowers  indicated 
that  he  had  some  difficulty  the  other  way.  I  feel,  however, 
there  is  a  great  field  for  university  research  along  that  line. 
As  has  been  pointed  out  in  the  paper  a  resume  of  the  various  lines 
of  thought  and  scientific  endeavor  wotdd  be  very  useful,  and  this 
cotdd  be  carried  on  by  the  universities. 

Practicing  engineers  could  co-operate  in  a  very  helpful  manner 
with  the  imiversity  research  men  in  the  suggestion  of  subjects 
which  are  along  economic  or  other  lines  not  leading  to  invention. 
I  readily  appreciate  Dr.  Skinner's  statement  regarding  the  matter 
of  invention.  I  can  see  why  the  manufacturing  companies 
would  not  care  to  have  such  research  carried  on  in  the  univer- 
sities, but,  on  the  other  hand,  all  those  researches  which  do  not 
lead  to  invention  could  be  carried  on  in  co-operation  with  opera- 
ting companies,  and  I  think  a  great  deal  of  value  would  result 
from  it.  Further  the  research  work  in  this  country  would  be 
greatly  stimtdated  if  we  had  a  little  better  cooperation  between 
the  parties  interested  in  such  work. 

C.  Francis  Harding:  I  wish  to  bring  up  one  or  two  points 
concerning  which  I  am,  to  some  extent,  in  opposition  to  the  author 
of  the  paper,  particularly  with  regard  to  the  question  of  prizes. 
I  do  not  believe  that  a  monetary  prize  or  any  other  prize  is 
going  to  develop  research  men  or  induce  them  to  take  up  re- 
search investigations  in  the  university.  I  think  possibly  that  some 
prestige,  some  honor,  which  might  be  conferred  on  such  a  man, 
possibly  some  recognition  by  the  Institute  such  as  the  publishing 
of  the  paper,  or  that  which  the  Engineering  Society  of  Western 
Pennsylvania  offers  in  connection  with  its  thesis  investigations 
would  be  far  preferable  to  holding  out  a  prize  of  $25  or  $50, 
whatever  it  might  be,  for  the  man  who  would  carry  on  the  best 
research  investigation.The  latter  would  take  on  the  form  which 
the  university  degree  assimies  for  such  men  who  are  working  to 
get  the  sheepskin  only,  and  not  for  the  training  which  the  sheep- 
skin represents. 

I  do  not  believe,  to  take  up  another  question  treated  in  the 
paper,  that  it  is  necessary  for  the  Institute  or  any  other  body 
to  suggest  subjects.  Any  live  man  who  is  connected  with  a 
university,  talking  half  an  hour  with  an  engineer  of  a  manufactur- 
ing company,  or  of  a  public  utility  corporation,  can  find  readily 
a  large  nimibe;r  of  subjects  which  are  available  and  worthy  of 
research  investigation,  and  which  his  institution  is  best  fitted 
to  tmdertake.  Such  may  have  either  a  practical  bearing, 
or  possibly  some  value  as  an  invention. 

I  feel  that  any  action  which  the  Institute  may  be  able  to  take 
such  as  appointing  a  Research  Committee  or  along  any  other 
line  which  will  lead  towards  further  co-operation  between  the 
universities  and  the  men  of  the  manufacturing  companies  and 
the  utilities  interested  in  research,  will  be  to  the  mutual  advantage 
of  the  student,  the  universities  and  tdtimately  we  hope,  to  the 
manufacturing  companies  and  the  Institute  as  well.  C^ooalp 
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N.  S.  Diamant:  We  may  disagree  with  Prof.  Karapetoff  as  to 
specific  suggestions  made  in  the  paper,  but  I  think  we  shall  all 
agree  that  it  is  high  time  that  universities  raise  their  standards 
of  scholarship  and  research  and  do  their  share  along  with  the 
industrial  corporations.  It  may  not  be  exaggerating  the  impor- 
tance of  the  subject  to  say  that  it  will  prove  a  national  calamity 
if  they  do  not. 

Research  is  not  something  as  mechanical  as  a  glance  at  the 
paper  may  suggest,  and  in  regard  to  it  we  may  well  refer  to 
President  Carty's  address  and  abide  by  his  advice  and  some  of 
his  suggestions. 

The  average  standard  of  scholarship  and  research  at  present 
is  very  low — considering  the  universities  all  over  the  country — 
and  the  author  seems  well  justified  in  using  the  expression 
"superficial  undergraduate  thesis"  with  emphasis  on  superficial. 

In  regard  to  the  quantity  and  quality  of  work  that  has  been 
done  so  far  in  the  United  States  and  in  Europe — as  I  wotdd 
add  Switzerland,  France,  Belgium,  etc.,  to  the  countries  men- 
tioned by  the  author — I  am  afraid  both  Mr.  Whitehead  and 
Prof.  Karapetoff  are  right  in  their  comparison — the  Etiropean 
work  in  general  seems  to  be  more  thorough,  and  to  be  published 
in  a  more  scholarly  form,  not  only  from  a  technical  point  of  view 
but  literary  as  well. 

J.  J.  Carty:  The  distinction  which  I  made  in  my  paper  be- 
tween pure  scientific  research  and  industrial  research  is  a  dis- 
tinction which  I  think  should  be  borne  in  mind  all  of  the  time 
in  considering  questions  such  as  these.  I  have  frequently  heard 
during  the  discussion  here,  the  term  **research,"  employed  as 
though  it  meant  but  one  thing.  It  really  means  two  things. 
There  is  pure  scientific  research  and  industrial  scientific  research, 
and  the  necessity  for  this  distinction  is  well  illustrated  when  we 
come  to  discuss  the  ethics  of  publication  as  applied  to  the  two 
cases. 

Ptire  scientific  research  is  conducted  for  the  purpose  of  extend- 
ing the  boundaries  of  knowledge  and  publication  is  one  of  the 
goals.  It  is  ethical  to  publish  these  results;  it  would  be  unethical 
not  to  do  so. 

When  it  comes  to  industrial  research  the  ethics  of  the  case 
are  different.  The  industrial  scientist  is  employed  by  a  manu- 
facturer or  other  client  to  make  a  scientific  investigation  at  his 
expense  and  for  his  benefit.  It  wotdd  be  unethical  for  the  indus- 
trial scientific  research  worker  to  publish  the  results  of  his 
investigation  until  his  client  gives  him  permission  to  do  so; 
that  is,  until  the  client  has  determined  to  his  own  satisfaction 
that  he  will  not  be  injured  by  the  publication. 

There  is  no  obligation  whatever  upon  the  manufacturer  to 
give  out  to  his  competitors  scientific  information  obtained  at 
his  expense  and  for  his  benefit.  The  manufactiu-er  embodies  the 
restdts  of  his  scientific  investigations  in  practical  form  and 
benefits  the  public  through  the  improved  product  which  he  pro- 
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vides.  Almost  invariably,  however,  the  results  of  industrial 
scientific  investigation  are  published  in  due  course,  as  a  rule  this 
publication  being  in  the  form  of  an  issued  patent,  which  is  the 
method  adopted  by  otu"  form  of  government  to  take  the  place 
of  trade  secrets.  I  am  told,  however,  that  there  is  such  a  thing 
as  property  in  trade  secrets  and  if  you  will  read  the  remarkable 
paper  by  Mr.  Frederick  P.  Fish  on  "The  Ethics  of  Trade  Secrets," 
you  will  find  there  a  great  deal  of  interesting  and  curious  infor- 
mation upon  this  subject. 

The  question  as  to  whether  our  universities  or  technical 
schools  shotild  undertake  industrial  scientific  research  is  a  large 
one  which  is  now  being  carefully  studied  by  many  who  are  inter- 
ested in  the  subject.  It  is  certain  that  if  the  technical  schools 
are  to  carry  industrial  research  work  to  the  point  of  taking  prob- 
lems from  the  manufacttu^er  and  solving  them  for  pay,  the  manu- 
facturer will  insist  upon  a  contract  with  the  university  whereby 
the  publication  of  the  results  will  be  forbidden  until  such  time 
as  he  is  protected  by  issued  patents,  or  for  other  reasons  concludes 
that  his  interests  will  not  suffer  by  the  publication. 

I  do  not  wish  to  imply  that  there  is  no  place  for  industrial 
research  in  the  universities  or  technical  schools.  This  question 
is  now  being  seriously  studied.  I  hope  it  will  be  found  that  there 
will  be  a  great  deal  that  they  can  do.  I  hope  to  see  spring  up 
near  .the  tmiversities  large  industrial  research  laboratories  and 
if  it  is  found  that  they  can  be  successfully  associated  with  the 
universities,  all  the  better. 

In  any  event,  as  soon  as  our  manufacturers  have  awakened 
to  the  importance  of  industrial  scientific  research,  I  believe 
industrial  laboratories  will  spring  up  everywhere  and  that  the 
tmiversities  and  technical  schools  will  find  it  difficult  to  graduate 
in  sufficient  numbers,  men  trained  in  the  rigorous  methods  of 
the  ptu-e  scientist  to  carry  on  the  work  of  industrial  research. 

D.  H.  Braymer:  I  was  interested  in  the  remark  of  one  of  the 
speakers,  comparing  American  journals  with  foreign  jotunals. 
I  think  I  have  an  explanation.  It  is  hardest  to  obtain  the  results 
of  research  work  from  professors  and  universities  themselves. 
It  is  next  easiest  to  get  it  from  the  manufacturing  companies, 
and  it  is  easiest  of  all  to  get  it  from  the  research  departments 
of  the  operating  companies.  Operating  engineers  interested 
in  new  developments  are  always  glad  to  tell  what  they  have  done, 
why  they  have  done  it,  and  what  they  are  going  to  do.  I  can 
see  no  reason  why  there  should  not  be  the  same  attitude  toward 
a  publication  on  the  part  of  the  universitiesandthemanufacturers. 

A.  A.  Nims:  We  are  thinking  today  in  terms  of  the  nation  rather 
than  in  terms  of  the  individual.  Five  of  the  national  engineering 
societies  are  just  completing  an  important  step  in  the  prepared- 
ness program  upon  which  the  country  has  entered.  It  is,  there- 
fore, appropriate  and  significant  that  we  have  brought  to  otu" 
attention,  as  convincingly  as  Professor  Karapetoff  has  done, 
another  service  wherein  the  same  societies,  with  others,  can  ren- 
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der  effective  aid  in  furthering  that  larger  preparedness  for 
national  co-operation  of  which  military  readiness  should  be  an 
incidental  phase. 

Scientific  research  has  not  been  regarded  with  that  degree 
of  respect  by  those  who  might  devote  their  talents  to  it,  nor 
has  such  reliance  been  placed  upon  it  by  those  who  might  use  its 
results,  as  has  been  accorded  it  elsewhere.  The  writer  has-  a 
distinct  recollection  of  the  distaste  and  dissatisfaction  with 
which  senior  thesis  was  regarded  at  the  engineering  college  from 
which  he  graduated.  The  fellows  looked  upon  thesis  work  as  **not 
practical,"  i.  e.  unrelated  to  the  work  they  expected  to  take  up 
after  graduation,  or  else  themselves  unfitted  to  accomplish 
results  commensurate  with  the  effort  expended.  Hence  the 
majority  of  them  considered  there  were  other  more  profitable 
uses  for  their  time,  and  since  senior  thesis  has  been  made  elective 
few  take  it. 

The  business  firms  that  are  able  to  maintain  adequate  equip- 
ments for  effective  research  are  vastly  outnimibered  by  those  who 
are  unable,  and  who  acquire  their  new  technical  information  by 
accident  or  by  appealing  to  some  outside  agency  for  the  solution 
of  special  pressing  problems.  Occasional,  unrelated  research, 
inspired  by  sporadic  inquiries,  is  more  expensive,  less  effective 
and  commands  less  confidenoe  than  well-organized,  well-directed, 
continued  effort.  The  economics  of  a  high  load-factor  applies 
to  a  plant  for  scientific  research  in  the  same  manner,  though  not 
to  the  same  degree,  that  it  does  to  a  plant  for  producing  electric 
energy. 

With  research  encouraged  and  coordinated  throughout  the 
country,  students  would  gradually  take  a  different  attitude 
toward  their  first  encounter  with  such  work.  Inquiries  on  various 
subjects  would  be  referred  to  the  best  authority,  securing  the 
most  reliable  information  in  the  shortest  time. 

It  is  quite  possible  that  one  of  the  greater  and  more  lasting 
benefits  of  the  present  commercial  activity  under  limited  sup- 
plies of  materials  may  be  found  to  lie  in  the  fact  that  it  opened 
our  eyes  to  the  incompleteness  of  our  scientific  and  technical 
knowledge  and  compelled  us  to  take  systematic  means  to  extend 
it.  It  is,  therefore,  greatly  to  be  hoped  that  Professor  Karapetoff 's 
suggestions  may  lead  to  constructive  action  along  the  lines 
pointed  out. 

Alexander  Gray:  The  technical  press  is  not  able  to  obtain 
original  articles  from  the  universities  because  the  universities 
are  not  turning  out  good  stuff.  Most  of  the  research  that  is 
started  is  never  completed  because  there  is  a  lack  of  men  of 
research  ability  and  because  the  men  available  are  not  properly 
guided.  The  large  corporations  take  the  best  of  the  men  and 
some  of  those  that  are  left  become  teachers. 

The  original  work  done  in  most  of  our  schools  does  not  begin 
to  compare  with  that  done  by  the  manufacturing  companies 
and  it  is  not  because  of  lack  of  equipment.     What  we  need 
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rather  is  men  like  Kelvin  of  Glasgow,  Thomson  of  Cambridge 
and  Arnold  of  Karlsruhe  to  guide  our  graduate  schools,  but  such 
men  do  not  seem  to  develop  in  our  universities. 

One  of  the  speakers  considered  it  inadvisable  to  offer  prizes 
for  research.  I  have  seen  how  two  prizes  offered  to  engineers 
for  public  speaking  have  set  a  whole  senior  class  to  work  by 
giving  direction  to  its  thought. 

Prof.  Karapetoff  is  right  when  he  insists  on  the  schools  limit- 
ing themselves  to  one  or  two  subjects  rather  than  spreading 
their  energy  over  a  large  nimiber  of  disconnected  subjects. 
Only  by  years  of  work  in  a  given  field  can  results  be  obtained 
that  are  of  great  value,  and  only  in  this  way  can  the  work  be 
carried  on  from  year  to  year  with  instructors  always  coming 
and  going. 
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TRACTIVE    RESISTANCES    TO    A    MOTOR    DELIVERY 
WAGON  ON  DIFFERENT    ROADS  AND  AT  DIFFERENT 

SPEEDS 


BY  A.  E.  KENNELLY  AND  O.  R.  SCHURIG 


Abstract  of  Paper 


In  this  paper  is  given  a  complete  report  on  an  investigation 
of  tractive  resistances  of  urban  roads  to  a  motor  delivery  wagon 
equipped  with  solid  rubber  tires.  The  "  tractive  resistance  " 
as  used  in  this  paper,  includes  still -air  resistance,  but  does  not  in- 
clude wind  resistance  and  the  resistances  internal  to  the  truck. 
The  test  truck  is  fully  described  with  its  driving  mechanism  and 
the  storage  battery  which  supplied  the  motive  power.  The 
investigation  involved  test  runs  over  definite  lengths  of  road, 
at  measured  truck  speeds,  to  determine  the  gross  battery  output 
during  these  runs;  and  laboratory  tests  to  determine  the  overall 
efficiency  of  the  truck  between  battery  terminals  and  rear- wheel 
treads  at  speeds  and  loads  corresponding  to  the  road  tests.  The 
results  included  in  the  paper  are  (1)  overall  efficiency  of  truck 
mechanism  and  (2)  tractive  resistances  of  a  number  of  typical 
urban  roads.  The  components  of  tractive  resistance  for  a  tyF)ical 
road  are  also  given. 


'X'HE  INVESTIGATION  herein  described  was  carried  on  in 
'■•  the  Research  Division  of  the  Electrical  Engineering  De- 
partment, at  the  Massachusetts  Institute  of  Technology,  during 
the  year  1915,  under  a  fund  contributed  for  researches  on  motor 
trucks. 

Object  of  the  Research.  The  object  of  this  research  was  to 
determine  the  resistance,  including  air  resistance,  offered 
to  an  electric  truck,  by  level  urban  roads  of  different  surface 
varieties,  at  standard  truck  speeds  not  exceeding  25  km.  (15.5 
miles)  per  hour.  For  thi;5  purpose,  the  output  of  the  storage 
battery  on  a  test  truck  was  measured,  for  both  directions  of 
travel,  over  standard  road  beds,  at  different  controller  speeds. 
From  this  output  were  deducted  all  the  corresponding  electrical 
and  mechanical  losses  in  the  truck  mechanism,  as  determined 
by  laboratory  tests.  The  remainder  of  the  output  was  conse- 
quently attributed  to  (1)  road-  (2)  air-  and  (3)  wind-resistance. 
The  wind  resistance  was  eliminated  by  averaging  the  results  for 
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both  directions  of  running,  leaving  as  the  final  result  the  sum 
of  the  road  and  air  resistances. 

By  ''road  resistance"  is  meant  the  horizontal  force  required 
to  pull  the  truck,  assumed  as  internally  frictionless,  over  the 
horizontal  road,  in  the  absence  of  air.  By  "air  resistance" 
is  meant  the  horizontal  force  on  the  truck  required  to  overcome 
the  resistance  of  the  air,  assumed  as  quiescent  in  the  absence  of 
the  truck.  By  ''wind  resistance"  is  meant  the  horizontal  force 
on  the  truck  necessary  to  overcome  the  resistance  of  the  wind 
velocity,  or  that  velocity  of  the  air  with  respect  to  the  ground 
which  exists  in  the  absence  of  the  truck. 

The  Test  Truck 
Through  the  courtesy  of  the  manufacturer,  a  1000-lb.  (450- 
kg.)  worm-drive,  single-reduction  electric  truck,  or  delivery 
wagon,  was  placed  at  the  disposal  of  the  Research  Division  for 
the  purposes  of  the  test.  A  picture  of  this  truck  is  given  in  Fig.  1 . 
Its  specifications  are  as  follow: 

Load  capacity  1000  lb.  (450  kg.)  equipped  with   one  d-c.  series 

motor. 

Overall  length  of  frame 4280  mm.     168J  in. 

Width  of  frame 890  mm.       35     in. 

Wheel  base  (i.  e.  distance  between  centers 

of  front  and    rear   wheels,   when   front 

and  rear  axles  arc    parallel) 2730  mm.     107t    in. 

Wheel  gage 1470  mm.       58      in. 

The  total  weight  of  the  truck,  including  motor,  battery  and 
body,  but  without  load  or  passengers,  was  42001b.  (1910  kg.). 
Each  of  the  four  wheels  was  equipped  with  one  solid-rubber 
demountable  tire  (manufactured  for  this  type  of  delivery  wagon) 
rated  at  36  in.  by  2\  in.  (91.5  cm.  by  6.35  cm.),  and  actually 
measuring  about  35  in.  (89  cm.)  tread  diameter,  and  2\  in. 
(6.35  cm.)  width  of  base.  The  brakes  were  of  the  internal  expand- 
ing  type  on  each  rear  wheel. 

A  cross  section  of  the  rear  wheel,  showing  bearings  and  tire, 
is  seen  in  Fig.  2.  Fig.  3  is  a  drawing  of  side  and  front  elevations 
of  the  truck.  This  type  of  electric  truck  is  commonly  used  for 
city  and  suburban  parcel-delivery  service. 

The  transmission  system  was  of  the  shaft  type,  the  speed 
reduction  between  motor  and  rear  wheels  being  accomplished 
by  a  single  worm  with  worm  wheel,  i.  e.,  the  motor  shaft  is 
extended,  through  two  universal  joints,  U  (Fig.  3),  which  allow 
for  spring  compression  due  to  load  and  impact,  to  the  worm  W 
(Fig,  4).    Through  W,  the  rotation  is  transmitted  to  the  worm- 
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a     I     1     .1     i     a 


Fig.  2 — Cross-Section  of  Rear-Wheel  Bearing  with  Wheel  and 

Tire 

r  demountable  solid-rubber  motor  tire,  rated  at  36  in.  by  2i  in.  (915  mm.  by  63.5  mm.) 
5  steel  band 
F  bent  felloe 
W  wheel  with  12  spokes 

fi  brake  drum,  containing  inteinal-expanding  brake  (details  not  shown). 
r  tapered  roller  bearings 
fi  hub  cap 
A  rear-wheel  axle 
C  approximate  scale. 


Fig.  3 — Side  and  Front  Elevations  of  Test  Vehicle 

B  Battery  compartment  containing  45  celU 
C  Battery  compartment  containing  15  cells. 
M  Truck  motor 
UU  Universal  joints 

5  Driving  shaft  connecting  motor  and  worm  gear 
s  Speedometer 
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wheel  R,  (Fig.  4),  which  makes  one  revolution  for  every  nine 
of  the  worm,  or  of  the  motor.  In  order  to  transmit  the  motive 
power  to  both  wheels,  and  yet  permit  them  to  revolve  at  dif- 
ferent speeds,  the  differential  gear  is  provided,  which  consists 


Fig.  4 — Section    through    Differential    Gear    for    Worm-Drive 

Truck 

W  worm 

R  worm  wheel;  ratio  of  worm  to  worm-wheel  "Oil 

gg  gears  attached  to  worm-wheel  R 

bh  bevel  gears  meshing  with  g^  and  connected  to  sections  of  rear-wheel  shaft 

rr  tapered  roller  bearings 


of  the  small  bevel  gears  gg,  capable  of  revolving  about  axes 
fixed  to  the  worm  wheel  R;  the  small  gears  gg  mesh  with  the 
two  bevel  gears  bb,  of  which  one  is  fixed  to  the  right-hand  section, 
and  the  other  to  the  left-hand  section  of  the  rear  axle.  The 
corresponding  shaft  bearings  of  the  roller-bearing  type  are  rr. 
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Driving  Motor  and  Controller.  The  electric  motor  M,  Fig.  3, 
has  the  following  specification:  No.  282,666,  E20,  W  2, 
32  amperes,  60  volt,  1200  rev.  per  min.  The  manufacturer's 
test  data  for  this  type  of  motor  are  given  in  Fig.  5. 


Pig.  5 — Manufacturers'  Characteristic  Curves  for  Automobile 

Motor 

60  volts — 32  amperes — 1200  rev.  per  min. — the  two  scn#s  field  windings  are  connected 
in  parallel  with  each  other 


Pig.  6 — Development    of    Controller    and    Diagram    of    Circuit 

Connections 


The  controller  is  of  the  following  description:  Type  S-35, 
Form  A.  It  is  of  the  drum  type,  having  four  forward  and  two 
reverse  speeds. 

The  connection  diagram  of  the  controller  and  motor  is  given 
in  Fig.  6.  r^  T 
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The  Operation  of  the  controller  is  as  follows: 

•Forward,  point  1.  Fields  1  and  2  in  series,  all  starting  ro- 
sistance  in  series  with  armature  and  fields. 

•Forward,  point  2.  Fields  1  and  2  in  series,  all  starting  re- 
sistance short  circuited. 

Forward,  point  3.  Fields  1  and  2  in  series,  but  shunted  by 
resistance  R2 

Forward,  point  4.  Fields  1  and  2  in  parallel,  starting  resist- 
ance not  used. 

Storage  Battery.  The  battery  consisted  of  60  Type  A-6  cells 
of  the  regular  nickel-iron  type,  with  a  rated  discharge  capacity 
of  225  ampere-hours.  The  normal  charge  and  discharge  rate 
is  45  amperes,  and  the  normal  period  of  charge  is  seven  hours 
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Fig.  7 — Manufactures'   Curves  of   Terminal   Voltage   per   Cell 

DURING   Charge   and   Discharge   at   Normal   Rate   for   Alkaline 

Storage  Battery 


at  this  rate.  Fig.  7  gives  the  manufacturer's  curves  of  terminal 
voltage  per  cell  during  charge  and  during  discharge,  in  each  case 
at  the  normal  rate  of  45  amperes.  The  average  discharge  volt- 
age per  cell  is  approximately  1.2  volts.  The  battery  was  placed 
in  two  compartments,  one  being  23  in.  by  18  in.  (58  cm.  by  46 
cm.)  and  15  in.  (38  cm.)  deep  with  15  cells  at  C,  Fig.  3;  another 
being  40  in.  by  31  in.  (102  cm.  by  79  cm.)  and  15  in,  (38  cm.) 
deep,  with  45  cells  at  B,  (Fig.  3.) 

The  entire  battery  with  solution,  trays  and  connections, 
weighs  approximately  1200  lb.  (550  kg.) 

♦Reverse,  point  1,  same  as  forward  point  1,  except  that  direction  of 
current  through  series  fields  is  reversed. 

Reverse,  point  2,  same  as  forward  point  2,  except  that  direction  of 
current  through  series  fields  is  reversed. 
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Experimental  Procedure 
The  tests  made  were  of  two  kinds;  namely, 

(1)  Road  tests,  over  selected  measured  lengths  of  road,  at 
different  measured  truck  speeds,  to  determine  the  gross  battery 
output. 

(2)  Laboratory  tests,  to  determine  the  overall  efficiency  be- 
tween battery  terminals  and  rear-wheel  treads,  at  speeds  and 
loads  corresponding  to  the  road  tests. 

Road  Tests.  The  resistance  (excluding  air-resistance)  offered 
by  a  level  roadbed  to  a  moving  truck,  depends  upon 

(1)  The  surface  quality;  i.  e.,  the  smoothness,  hardness  and 
resilience  of  the  road  surface. 

(2)  The  size  of  wheel  and  tire  quality;  i.  e.,  the  dimensions, 
smoothness,  hardness  and  resilience  of  the  tire  tread. 

(3)  The  speed  of  the  vehicle. 

(4)  The  load  or  weight  of  the  vehicle. 

(5)  The  construction  of  the  vehicle,  i.  e.,  whether  with  or 
without  springs. 

In  these  tests  variations  in  (2)  and  (5)  were  eliminated,  by 
using  the  same  vehicle  and  the  same  type  and  size  of  wheel  and 
tire  throughout,  which  fairly  represent  standard  average  con- 
ditions for  half-ton  truck  service. 

In  order  to  investigate  the  effects  of  road  surface  quality  on 
tractive  resistance,  stretches  of  nearly  level  typical  urban  roads 
were  selected,  with  the  aid  of  records  in  the  Boston  City  Engineers 
office.  Runs  were  made  with  the  truck  over  each  selected 
stretch  of  road,  at  nearly  constant  speed  by  controller,  and  suc- 
cessively in  both  directions  for  each  controller  point,  thus  cover- 
ing the  range  of  speeds  afforded  by  the  controller.  The  effect  of 
load  in  the  vehicle,  upon  the  tractive  resistance,  was  also  tried 
in  a  few  cases. 

The  technique  of  the  tests  was  as  follows :  Previous  to  the 
first  test  of  the  day,  the  car  storage  battery  was  fully  charged. 
The  car  crew  consisted  of  one  driver  and  two  observers.  The 
driver  confined  his  attention  to  steering  the  car,  while  running 
at  constant  controller  position.  If  the  driver  had  to  change 
the  controller  position,  or  apply  the  brakes,  during  the  run,  the 
run  was  repeated. 

The  first  observer  was  stationed  on  the  front  seat,  beside  the 
driver,  and  noted  the  stop-watch  times  of  start  and  finish,  as 
well  as  the  readings  of  the  speedometers  during  the  run. 

The  second  observer  was  stationed  in  the  body  of  the  truck, 
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and  continuously  took  readings  of  voltage  and  current  at  battery 
terminals,  by  calibrated  measuring  instruments;  these  in- 
struments being  supported  on  cushions  to  minimize  their  vibra- 
tion. The  positions  of  these  instruments  in  the  battery  circuit 
are  indicated  in  Fig.  6  at  -4  and  V. 

The  start  and  finish  for  each  stretch  of  road  were  marked  off 
by  chalk,  or  other  clearly  visible  lines,  drawn  across  the  roadway. 
The  car  was  always  set  in  motion  at  a  suitable  distance  behind 
the  starting  line,  so  as  to  reach  approximately  steady  speed 
when  this  line  was  crossed.  A  stop-watch  was  started  by  the 
first  observer  at  this  moment.  It  was  stopped  by  the  same  obser- 
ver at  the  moment  when  the  front  wheels  of  the  car  crossed  the 
finish  line.  The  reading  of  the  stop-watch  was  thus  the  time  of 
the  run. 

The  length  of  the  run  between  start  and  finish  lines  was 
determined  by  means  of  a  tape  line.  The  runs  varied  in  length 
from  400  ft.  (120  m.)  to  2600  ft.  (790  m.) 

Wherever  the  grades  of  the  test  stretches  were 'not  obtained 
from  the  city  maps,  they  were  measured  directly,  on  special 
days,  by  the  car  observers,  with  surveyors*  level  and  rod,  in 
the  regular  way. 

For  each  controller  speed,  the  car  was  run  three  times  in 
each  direction,  over  the  test  section,  in  immediate  succession. 
By  this  method  of  running  in  alternate  directions  over  the  same 
section,  the  effect  of  wind  on  car  resistance  was  approximately 
eliminated,  on  the  assumption  that  if  a  wind  was  blowing,  it 
was  uniform  in  velocity,  and  tended  to  exert  a  uniform  pressure 
on  the  car,  whether  the  latter  was  running  with  it  or  against  it. 
No  heavy  windstorms  occurred  during  the  period  selected  for 
the  tests.  The  arithmetical  mean  of  the  road  resistances,  as 
measured  at  nearly  constant  speeds  in  opposite  directions,  was 
assumed  to  eliminate  the  effect  of  wind  velocity. 

A  further  correction,  namely  that  due  to  the  change  of  kinetic 
energy  inparted  to  the  vehicle,  between  start  and  finish,  became 
necessary,  because  the  speed  was  not  absolutely  constant  dur- 
ing the  run;  i.  e.,  a  slight  retardation  or  acceleration  took  place 
over  the  test  stretch,  in  spite  of  the  fact  that  the  controller  was 
not  changed,  that  roads  of  uniform  grade  were  selected,  and 
also  that  the  truck  was  started  as  far  in  advance  of  the  mark 
as  was  practicable.  The  energy  imparted  to  a  truck  which  is 
accelerating  includes  not  only  that  necessary  to  overcome  its 
internal  and  external  resistances,  but  also  that  definite  amount 
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of  energy  which  is  required  to  produce  the  acceleration.  The 
latter  portion  of  energy  is  known  to  be  equal  to 

1  W 

2  jivi^-vi^)  kg.-m. 

where  W  is  the  mass  accelerated  (kg.),  vt  and  vi  being  the  veloc- 
ities in  m.  per  sec.  at  end  and  at  beginning  of  the  run,  respec- 
tively; g  is  the  mean  constant  of  acceleration  due  to  gravity, 
i.e.f  9.81  m.  per  sec.  This  energy  was  subtracted  from  the 
total  energy  imparted  to  the  truck.  The  importance  of  this 
correction  and  the  method  of  its  application  in  a  typical  case  may 
be  seen  from  Table  III. 

Table  I  contains  a  sample  set  of  observations  made  in  a  par- 
ticular run  in  alternate  directions  over  a  test  section. 

Laboratory  Tests.  In  order  to  determine  the  truck-mechan- 
ism overall  efficiency,  from  storage-battery  terminals  to  tire 
treads,  as  already  referred  to,  the  car  was  taken  into  the  Lowell 
laboratory,  the  rear  wheels  raised  from  the  ground,  and  belted 
each  to  a  load-generator.  The  motor  was  then  operated  through 
the  controller,  at  a  number  of  speeds,  the  power  being  delivered 
to  the  load-generators  and  measured  over  a  considerable  range 
of  speeds  and  outputs.  Fig.  8  gives  a  photographic  view  of  the 
test  arrangement.  The  car  B-9335  is  shown,  with  its  rear  axle 
supported  on  I-beams.  The  rear  wheels  are  belted  to  two  similar 
5  h.p.  d-c.  generators  G1G2,  loaded  by  banks  of  adjustable 
la-Ia  resistors  R,  Fig.  9  gives  a  diagram  of  the  electrical  test 
connections. 

The  speed  of  the  rear  wheels,  in  these  laboratory  tests,  was 
measured  by  means  of  the  magneto  m  (Fig.  8),  belted  to  one  of 
the  wheel  brake  drums.  It  was  also  checked  by  means  of  the 
magneto  M  coupled  to  one  of  the  load  generators  d.  In  order 
to  ensure  equality  in  speeds  of  the  two  truck  wheels,  under  test 
conditions,  so  that  the  load  might  be  equally  divided  between 
them,  and  that  the  conditions  might  correspond  to  those  when  the 
car  runs  on  a  straight  path,  a  slip  counters  was  inserted  between 
the  two  generator  shafts,  so  as  to  indicate,  by  the  flashing  of  a 
light,  if  their  speeds  materially  differed. 

The  load  generators  were  separately  excited.  Their  output 
was  measured  by  d-c.  voltmeter  F,  and  ammeters  -4 1^2,  Fig.  9, 
in  their  respective  circuits.  Separate  tests  were  made  on  the 
load  generators  Gi  G%,  to  determine  their  mechanical  and  elec- 
trical armature  losses,  under  different  load  conditions.    These 
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losses  added  to  the  outputs,  gave  the  total  generator  inputs  sup- 
plied through  the  driving  belts. 

The  losses  in  the  two  driving  belts  Bi  52,  Fig.  8,  were  approx- 
imately determined  by  taking  two  successive  light  load  tests, 
first  with  the  regular  heavy  leather  belts  shown  in  Fig.  8,  and 
next  with  special  light  cotton  belts  of  negligible  power  loss, 
but  of  very  limited  transmitting  capacity.  The  difference  be- 
tween the  inputs,  in  these  two  tests,  measured  the  power  con- 
sumed in  the  leather  belts;  because  the  other  losses  in  the  two 
tests  were  the  same. 

The  friction  losses  in  the  front  wheels  (about  70  watts  total), 
were  also  measured  by  belting  them  to  the  rear  wheels  through 

light  belts  in  special  tests. 
No  allowance  was  made  for 
any  possible  increase  in 
wheel-bearing  friction  under 
increased  gravitational  pres- 
sures; but  since  all  the 
wheels  had  roller  axle  bear- 
ings, such  extra  friction  losses 
were  probably  very  small. 

The  sum  of  the  load-gen- 
erator outputs,  the  armature 
losses,  and  belt  losses,  was 
taken  as  the  car  output  at 
rear-wheel  treads,  at  various 
measured  inputs. 
A  detailed  quantitative  analysis  of  these  various  losses  appears 
in  the  next  section. 

Results  of  Tests 

Although  the  primary  object  of  this  research  has  been  a  deter- 
mination of  tractive  resistances  to  an  electric  truck,  under  the 
conditions  previously  defined;  yet,  incidentally  the  tests  have 
furnished  results  of  practical  value  of  the  overall  efficiency  from 
battery  terminals  to  wheel  treads  of  this  type  of  electric  car, 
under  normal  operating  conditions. 

Overall  Efficiency  of  Driving  Mechanism.  A  simimary  of 
typical  data  obtained  in  one  of  the  laboratory  tests  is  given 
in  Table  II.  The  first  column  gives  the  output  in  watts  at  the 
battery  terminals,  determined  from  the  simultaneous  readings  of 
a  calibrated  voltmeter  and  ammeter,  F,  A,  Fig.  6.  Column 
II  gives  peripheral  wheel  speeds  in  km.  per  hr.  and  in  miles 
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Fig.  9 — Diagram  of  Connections 
FOR  Determination  of  Test  Truck 
Over-All  Efficiency  by  Means  of 
Load  Generators  d  and  Gt 

*Each  generator  was  belted  to  one  of  the 
rear  truck-wheels 
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per  hi*.,  derived  from  the  voltage  readings  of  magnetos  AT,  m, 
Fig.  8.  Column  III  gives  the  total  generator  output  as  deter- 
mined by  simultaneous  readings  of  Calibrated  instruments  V,  A  i 
and  -42,  Fig.  9.  Columns  IV,  V  and  VI  itemize  the  following 
losses:  (IV)  armature  copper  losses  (watts)  in  generators  d  G2, 
as  obtained  by  resistance  measurements  of  armatures,  and  from 

the  observed  armature  currents 
(ammeters  Ai  Af,  Fig.  9.);  (V) 
stray-power  losses  (watts)  in 
generators  d  Gj,  as  determined 
from  special  stray-power  tests, 
"  already  referred  to;  (VI)  belt 
losses;  i.e.,  frictions  in  both  driv- 
ing belts  Bi  and  Bz,  as  deter- 
mined by  special  belt-loss  tests, 
already  mentioned.  Column  VII 
gives  the  sum  of  the  losses  in 
columns  III,  IV,  V  and  VI. 
Column  VIII  gives  the  equiva- 
lent output  of  truck  on  road,  as 
obtained  by  subtracting  from 
the  watts  tabulated  in  column 
VII,  66  watts  for  average  front- 
wheel  friction,  the  latter  as  de- 
termined by  the  special  front- 
wheel  friction-loss  test  already 
mentioned.  The  last  column 
gives  the  overall  efiSciency  of 
the  car  for  road  runs,  i.  e.,  the 
ratio  of  columns  VIII  and  I. 

Efficiency  tests  as  elaborated 
in  Table  II  were  made  at  each 
controller  position  for  forward 
speeds.  In  view  of  the  relatively 
large  voltage  variation  (see  Fig.  7)  of  the  truck  battery,  between 
full  charge  and  partial  or  complete  discharge,  and  at  different 
current  outputs,  it  was  found  necessary  to  perform  efficiency- 
test  runs;  (1)  at  a  fully  charged  battery  and  (2)  at  a  partially 
discharged  battery,  (1)  corresponding  to  high  impressed  voltage 
and  (2)  to  a  slightly  lower  impressed  voltage.  The  results  of 
the  efficiency  tests  are  shown  in  Fig.  10.  It  is  seen  that  the 
condition  of  the  battery  has  a  considerable  effect  upon  the  re- 
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With  battery  fully  charged  (full  lines)— 
and  with  battery  partially  discharged  (dash 
lines) — Dotted  lines  are  drawn  at  constant 
rear- wheel  peripheral  speeds.as  indicated — 
00  alkaline  cells,  type  A 6.  were  used. 
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suits.  Fig.  10  shows,  besides  efficiency  curves  at  fully  charged 
battery  (full  lines),  and  at  partly  discharged  battery  (dash  lines), 
a  number  of  constant  speed  lines  (dotted).  For  example,  the 
overall  road  efficiency  of  the  truck  at  3500  watts  battery  out- 
put, controller  on  point  2,  and  at  a  truck  speed  of  13  km.  per  hr. 
(8.1  miles  per  hr.)  is  71  per  cent  from  Fig.  10.  It  was  for  con- 
venience in  the  handling  of  the  data  that  the  truck  speed  was 
chosen  as  the  third  factor  necessary  for  the  determination  of  the 
truck  efficiency,  rather  than  the  battery  terminal  voltage.  It 
should  also  be  pointed  out  that  none  of  the  efficiency  curves  in 
Fig.  10  are  drawn  at  constant  battery  terminal  voltage,  and  that 
they  are,  therefore,  only  approximately  comparable  to  the  manu- 
facturers* motor  efficiency  curves  reproduced  in  Fig.  5.  Such  an 
approximate  comparison  shows  that  the  efficiency  of  transmis- 
sion between  motor  and  rear- wheel  treads  is  in  the  neighborhood 
of  90  per  cent  for  this  truck  under  the  conditions  tested.  This 
high  value  may  be  attributed  to  the  fact  that  the  driving  mechan- 
ism involves  but  a  single  speed  reduction,  between  motor  and 
rear  axle,  by  a  worm  and  worm  wheel  (Fig.  4).  The  maximum 
values  of  over-all  efficiency,  including  all  mechanical  and  electri- 
tsX  losses  beyond  the  battery  terminals  are  seen  from  Fig.  10  to 
be  as  follow,  when  an  approximately  fully  charged  battery  (60 
cells,  type  A  6  )is  employed. 

55  per  cent,  controller  on  point  1,  forward  at  a  battery  output 

of  2000  watts. 

73  per  cent,  controller  on  point  2,  forward  at  a  battery  output 

of  3000  watts. 

75  per  cent,  controller  on  point  3,  forward  at  a  battery  output 

of  3500  watts. 

78  per  cent,  controller  on  point  4,  forward  at  a  battery  output 

of  3700  watts. 
Fractive  Resistance.  The  complete  data  and  results  for  trac- 
dve  resistance  are  shown,  for  a  typical  test  run,  in  Table  III. 
In  columns  I  and  II  are  tabulated  the  controller  position  and  the 
direction  of  run,  respectively,  as  previously  defined.  The  speed 
(average  of  stopwatch  readings  divided  into  measured  length  of 
run  for  three  consecutive  tests)  is  given  in  column  III.  Column 
IV  contains  the  average  battery  output  in  watts,  already  referred 
to  (See  Table  I).  Column  V  contains  the  number  of  meters  of 
rise  of  elevation  between  start  and  finish.  The  average  time 
of  run  (see  Table  I)  is  shown  in  colimin  VI.  The  truck  over-all 
efficiency,  as  taken  from  the  efficiency  curves  (Fig.  10),  is  tab- 
ulated in  column  VII.  Columns  VIII,IX  and  X  contain  the  follow- 
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ing  power  losses  in  watts:  VIII  in  truck,  as  obtained  from  IV 
and  VII;  IX  against  gravity;  X  due  to  change  of  kinetic 
energy  of  truck  between  start  and  finish  (see  table  IV),  all  of 
which  losses  are  supplied  by  the  storage  battery.  In  column  XI 
are  tabulated  the  sum  of  the  entries  of  columns  VIII,  IX  and 
X.  The  difference  between  IV  and  XI  gives  the  total  trac- 
tive power,  as  recorded  in  XII.  Column  XIII  contains  the 
tractive  resistance  in  kg.  per  metric  ton  as  derived  from  XII. 
The  last  coltmm  contains  the  equivalent  percentage  of  grade, 
since  10  kg.  per  metric  ton  is  just  equivalent  to  1  per  cent 
grade. 

The  test  data  and  results  for  loss  of  power,  due  to  change 
of  kinetic  energy  of  the  truck,  for  a  typical  road  test  are  tabulated 

in  Table  IV.  The  results  are 
negative  for  runs  in  which  the 
velocity  decreased.  It  is  seen 
from  the  magnitude  of  these 
results,  that  they  are  by  no 
means  negligible.  In  practically 
all  the  road  tests,  this  item  was 
found  to  be  of  importance. 

In  Fig.  11  are  plotted  the  re- 
sults for  a  typical  test,  in  accord- 
ance with  Table  III.  The  or- 
dinates  of  curve  3  represent  the 
horizontal  force  per  metric  ton, 
and  per  short  ton,  which  is 
required  to  overcome  the  road  resistance,  and  still-air  resistance, 
at  constant  speed  on  level  road,  with  no  wind  blowing.  Ciu^es 
similar  to  those  of  Fig.  1 1  were  plotted  for  each  road  test.  A  sum- 
mary of  the  tests  is  represented  by  Figs.  12  to  18  inclusive. 

A sphali  Roads,  ( Fig.  12.)  The  curves  plotted  in  Fig.  1 2  apply  to 
both  sheet  asphalt  (a)  and  to  bitulithic  pavements  (6),  both 
defined  as  follow:  (a)  asphalt,  consisting  of  (1)  a  foundation  of  hy- 
draulic cement  or  concrete,  (2)  a  binder  course  of  broken  stone 
and  asphaltic  cement  (dissolved  asphalt),  (3)  a  surface  layer  of 
asphaltic  cement  mixed  with  sand;  (6)  bitulithic  pavement, 
which  may  be  classified  as  a  type  of  asphalt-macadam  paVement, 
built  on  a  'concrete,  stone-block  or  macadam  foundation,  con- 
sisting of  a  mixture  of  broken  stone,  sand  and  asphaltic  cement, 
proportioned  and  mixed  before  being  laid.  This  mixture,  after 
having  been  laid  hot,  and  rolled,  is  covered  with  a  coat  of  hot 
asphaltic  cement  and  fine  stone  chips.  Digitized  byCjOOQlC 
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Fig.  11 — Curves  of  Level-Road 
Tractive  Resistance  for  Run  19 

Pavement:  tar  macadam  in  good  con- 
dition wet — wind  east — curves  1  and  2 
include  the  effects  of  the  wind  resistance 
— in  curve  3  these  effects  are  approximately 
eliminated,  but  not  the  still-air  resistance. 
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The  tests  showed  that  there  was  no  appreciable  difference 
between  the  tractive  resistances  of  sheet  asphalt  and  bitulithic 
pavements  as  above  defined  when  in  good  condition;  so  that 
both  of  these  pavements  are  represented  on  one  and  the  same 
diagram  Fig.  12.  The  asphalt  pavement,  when  in  good  condi- 
tion, offers  a  low  resistance  to  vehicular  traffic,  on  account  of 
its  smoothness  and  hardness.  Curve  (1)  is  seen  to  be  almost 
flat,  and  if  the  still-air  resistance  is  eliminated  by  an  approximate 
formula*,  a  straight  horizontal  line,  (see  curve  5),  results  for 
the  road  resistance  alone.  Curves  2  and  3  are  steepened  by  the 
addition  of  impact  and  vibration  losses.  These  extra  losses  are  due 
to  the  impacts  which  the  truck  receives  as  it  encounters  local 
lumps  and  hollows  in  the  worn  pavement.    The  dash-line  curve 


Curvet  1  and  4  were  Ukfii  on  the 
»Ame  ruad  stretch:  Pavement  id 

^» 

ex 

>d  con 

ra  we 

dtikjn:nirv( 
i«ht    1 

4  with  12 

fc^^ 

£  — 

\10* 

f 

M 

^- 

M 

f] 

Y^ 

^ 

jSjs 

^ 

^ 

M 

1 

_ 

■ 

-— 



Derived  fi 

va  1 

%r^- 

lale 

1 

5 

lb  \\ 


20      22 

SPEED -KM.  PER  HR. 

1'2     l'3     lit 

SPEED -MILES  PER  HR. 


24 

l'5 


26 
1^ 


Fig.  12 — Tractive  Resistance  for  Asphalt  Roads 

Sheet  asphalt  and  bitulithic. 


was  obtained  when  the   total   moving  mass  was  increased  12 
per  cent,  and  is  seen  to  be  almost  identical  with  curve  1. 

Wood-Block  Roads,  (Fig.  13).     The  full-line  curve  of  Fig.  13 
applies  to  wood-block  paving,  which  consists  of  rectangular 


0.0025- 


A.V^ 


W 


lb.  per  short  ton 


air  resistance,  in  which  formula  A  is  the  cross-section  of  the  car  in  sq. 
ft.,  V  the  speed  of  the  car  in  miles  per  hr.,  and  W  the  total  mass  in  motion 
(in  short  tons);  see  American  Handbook  for  Electrical  Engineers,  1914, 
Wiley,  New  York,  p.  1166.  In  metric  units,  the  above  equation  takes 
the  form 


0.0047  — 
w 


kg.  per  metric  ton 


if  a  is  expressed  in  sq.  m.,  v  in  km.  per  hr.  and  w  in  metric  tons.  The 
area  offered  to  the  air  by  the  test  truck  was  approximately  14  sq.  ft. 
(1.3  sq.  m.)  and  the  moving  mass  was  2.36  short  tons  (2.14  met.  tons), 
except  when  otherwise  noted. 
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creosoted  hard-pine  blocks,  approximately  4  in.  (10  cm.)  deep, 
3.5  in.  (  9  cm.)  wide  and  8  in,  (20  cm.)  long,  placed,  with  the 
fiber  vertical,  and  the  long  dimension  crosswise  to  the  street, 
upon  a  foundation  of  concrete  with  a  thin  layer  of  sand  interposed 
between  concrete  and  wood  blocks.  The  curve  is  nearly  hori- 
zontal because  of  the  smoothness  of  the  pavement. 

Brick-Block  Roads i  {Fig.  13).  The  brick-block  roads  .upon 
which  tests  were  made,  consisted  of  rectangular  vitrified  paving 
brick,  approximately  4  in.  (10  cm.)  deep,  3.5  in.  (9  cm.)  wide, 
and  8:5  in.  (21.5  cm.)  long,  laid  with  the  length  perpendicular 
to  the  curb,  upon  a  foundation  of  concrete  and  a  cushion  layer 
of  sand.  The  results  for  brick  roads  show  nearly  as  low  a  resis- 
tance as  those  for  the  wood  block,  but  the  curve  for  the  former 
is  steeper,  particularly  for  the  case  of  a  worn  surface,  again 
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Pig.  13 — Tractive  Resistance  for  Wood-Block  and  Brick-Block 

Roads 


probably  because  of  the  impact  and  vibration  losses  on  the 
rougher  pavement. 

Granite-Block  Roads,  (Fig.  14).  The  foimdation  for  these 
roads  is  either  a  bed  of  sand,  or  a  layer  of  concrete,  with  a  sand 
^cushion  to  separate  the  blocks  from  the  concrete.  Average 
dimensions  for  the  rectangular  blocks  are  about  4  in.  (10  cm.) 
wide,  11  in.  (28  cm.)  long  and  8  in.  (20  cm.  deep).  The  joints  are 
filled  either  with  small  pebbles  and  sand,  or  with  hydraulic- 
cement  grout.  The  former  filler  is  subject  to  being  partially 
washed  out  by  precipitation,  and  removed  by  the  street  sweeper, 
and  thus  allows  the  edges  of  the  blocks  to  be  exposed  to  wear, 
which  renders  the  pavement  far  less  smooth  than  one  with 
dement-fiUed  joints.  The  full-line  curves  1  and  2  in  Fig.  14, 
which  apply  to  granite-block  roads  with  cement-filled  joints,  show 
a  greater  upward  slope  than  those  for  the  smoother  brick-l)lock, 
wood-block,  and  asphalt  roads,  already  mentioned;   while  the 
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granite-block  pavements  constructed  with  the  less  durable  filler 
are  seen  to  offer  a  still  more  rapidly  increasing  resistance  at  in- 
creasing velocities,  because  of  the  greater  losses  of  kinetic  energy 
due  to  road  impact. 

Macadam  Roads,  (Fig.  15  and  16).  This  type  of  road  has  a 
pavement  consisting  of  several  layers  of  broken  stone,  (trap 
rock,  .granite,  lime  stone,  slate,  etc.)  ranging  in  size  from  about 
3  in.  (7.6  cm.)  to  about  0.5  in.  (1.3  cm.)  in  largest  dimfension. 
The  fragments  of  stone  are  held  together  by  a  binding  material 
of  which  there  are  two  general  types:  (1)  clay,  loam,  sand,  or 
finest  screenings  (stone  dust  from  stone  crusher),  distributed 
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over  each  layer  of  broken  stone,  water  being  sprinkled  over  the 
surface;  and  (2)  tar,  either  mixed  with  the  broken  stone  before 
it  is  laid,  or  distributed  over  the  broken  stone,  after  the  latter 
has  been  spread  and  rolled;  type  (1)  is  known  as  a  water-bound 
macadam,  and  type  (2)  as  tar-macadam. 

Pig.  15  shows  the  results  obtained  for  water-bound  macadam 
roads,  the  dot-dash  curves  apply  to  the  oiled  pavements,  full- 
line  curves  are  for  unoiled  roads.  A  dusty  road  (curve  2),  is 
seen  to  have  a  greater  resistance  than  a  similar  one  with  a  hard 
surface  without  dust  (curve  1) ;  while  a  badly  worn  road  with 
holes  (curve  3),  shows  a  far  higher  resistance  than  1  and  2,  and 
a  much  more  rapid  rise  with  increasing  speed,  due  to  impact 
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losses.  Curve  4  for  an  oiled  macadam  road,  though  in  fair 
condition,  shows  a  higher  resistance  than  a  similar  road  unoiled. 
Heavy  oiling  increases  the  resistance  without  increasing  the 
slope  of  the  curve,  as  indicated  by  curve  5 ;  this  effect  is  probably 
caused  by  the  softening  of  the  surface  and  the  resultant  loss 
of  power  due  to  the  depression  of  the  surface  material  by  the 
wheel  tires.  The  combined  effects  of  wear  and  oil  are  seen  in 
curve  6.  Curve  7,  if  compared  with  curve  5,  (the  two  curves 
applying  to  the  same  road,  but  to  different  days  and  different 
total  weights  of  moving  vehicle),  shows  a  slight  increase  of 
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resistance  due  probably  to  both  decreased  road  resilience  and 
increased  weight. 

The  results  for  tar-macadam  roads,  (Fig.  16)  are  similar  to  those 
for  water-bonded  macadam;  i.e.,  the  effects  of  surface  deteri- 
oration are  definitely  seen  by  comparison  of  curves  1,  2,  3  and  4. 
Curve  5  is  of  interest  in  again  demonstrating  that  the  resistance 
of  a  soft  surface  of  low  resilience  is  greater  than  that  of  a  similar 
but  hard  road  by  an  approximately  constant  amount,  (see  curves 
5  and  1).  The  dash-line,  curve  6,  (12  per  cent  extra  weight), 
is  seen  to  follow  very  closely  curve  2,  (the  two  curves  include 
data  obtained  on  the  same  road  under  similar  conditions,  but 
with  different  total  weights.) 
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Cinder  and  Gravel  Roads  (Fig.  17.)  Curve  1  in  Fig.  17  applies 
to  a  road  with  a  gravel  surface,  in  fair  condition,  but  slightly 
dusty.  A  cinder  road  with  a  dry  and  hard  surface  in  fair  condi- 
tion, is  seen  to  have  a  slightly  lower  resistance,  probably  because 
of  its  greater  resilience. 

Summary  fof  All  Classes  of  Urban  Roads  Tested,  Typical 
results  for  all  classes  of  urban  roads  tested  are  summarized 
graphically  in  Fig.  18,  and  ntmierically  in  Table  V.  It  appears 
from  these  summaries,  and  from  the  foregoing  discussions,  that 


2.6 


2§     82 

y 

rr 

/ 

/ 

24     48 

_rf 

f 

r 

jA 

f 

22      44 

^ 

f 

(2)  ■ad  (6)  inelode  £u  oMailMd  on 
Um  lame  road  aadcr  •imiiar  ooodl. 
tion»:eurv«  (6)  with  12«  Mtn 
weight 

A 

y 

P^oL 

^^ 

y 

1 

K 

y 

^ 

t»E 

^ 

^ 

-.oj 

Kr^ 

^ 

\ 

16     32 



^ 

^ 

t 

^ 

r^ 

Jy 

^ 

•^ 

14      28 

^1 

^ 

-^ 

^ 

»-s 

^ 

12      24 

-JS 

is- 

n 

' 

IA\ 


\At 


16 

SPEED   KM.PCIIHR. 
lb  l"!  l!2 

SPEED  MILES  PER  HR. 


24 
1^ 


i        i         »        ^        lb       i"!       i!2        1^ 
Fig.  16 — Tractive    Resistance    for    Tar-Macadam    Roads 


there  are  three  principal  elements  which  determine  the  tractive- 
resistance-speed  curve  for  unit  weight  of  a  given  vehicle,  within 
the  range  of  conditions  covered  by  this  test: 

(1)  A  constant  resistance,  see  curve  1,  Fig.  19*,  the  magnitude 
A  of  which  depends  on  the  lack  of  resilience  of  the  road  surface 
and  wheel  tire  material,  i.e.,  on  the  energy  losses  due  to  dis- 
placement of  tire  material  and  road-surface  material.  This  con- 
stant element  A  would  be  encountered  upon  a  smooth  level  road 

*The  quantitative  data  of  Fig.  19  refer  to  the  asphalt  roads  of  Pig.  12. 
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of  the  particular  type  considered,  in  the  absence  of  impact,  air, 
and  wind-resistances. 

(2)  An  increasing  resistance  with  increasing  speed,  due  to 
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Pig.  17 — Tractive  Resistance  for  Gravel  and  for  Cinder  Roads 

impact  losses  (curve  2),  which  results  from  lack  of  smocthness 
of  road  surface;  losses  of  this  nature  are  usually  known  to  vary 
approximately  as  the  second  power  of  the  velocity  at  impact; 
and 
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Fig.  18 — Summary  of  Tractive  Resistance  Tests 

(3)  An  increasing  resistance  with  increased  speed,  due  to  air 
pressure  against  the  front  of  the  vehicle,  curve  3,  which  resistance 
is  known  to  depend,  roughly,  on  the  second  power  of  the  speed 
(see  above  under  "Asphalt  Roads").     The  sum  of  the  ^ree,^    t 
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curves  for  items  1,  2,  and  3,  for  the  case  of  asphalt  roads  in  Fig. 
12,  restilts  in  curve  4.  The  constant  resistance  (1)  may  be 
briefly  called  the  displacement  resistance,  item  2  the  impact 
resistance,  and  item  3  the  air  resistance.  The  displacement 
resistance  is  low  for  hard  pavements  (curve  1,  Fig.  12)  and  high 
for  soft  pavements  (of  low  resilience),  as  is  illustrated  by  curve  5, 
Fig.  16;  The  impact  resistance  is  very  marked  in  granite-block 
roads,  as  already  mentioned,  (Fig.  14).  The  air  resistance,  at 
any  definite  velocity,  is  the  same  for  all  curves;    because  the 
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Pig.  19 — Approximate  Analysis  of  Typical  Tractive  Resistance 
INTO  Its  Elements,  for  Asphalt  Road  in  Poor  Condition  (Curve  3, 
Fig.    12) 


air-resisting  parts  of  the  truck  were  left  unchanged  throughout 
the  tests.  For  the  particular  type  of  road  represented  by  Pig.  19 
(asphalt  road  in  poor  condition,  see  curve  3,  Fig.  12),  at  a  speed 
of  20  km.  per  hour  (12.4  miles  per  hr.)  the  displacement  resis- 
tance is  0.84  per  cent,  the  air  resistance  is  0.11  per  cent,  the 
impact  resistance  0.20  per  cent  and  the  total  1.15  per  cent 
equivalent  grade. 

The  displacement  resistance  of  a  road  manifestly  varies,  not 
only  with  the  type  and  surface  quality  of  the  road,  but  also 
with  the  type,  dimensions  and  quality  of  the  tires  on  the  wheels       j 
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of  the  vehicle.  In  the  tests  here  reported,  the  same  tires  were 
used  throughout,  and  they  remained  in  substantially  the  same 
condition. 

The  impact  resistance  of  a  road  manifestly  depends  not  only 
on  the  type  and  surface  quality  of  the  road,  and  the  sizes  of  its 
irregularities;  but  also  on  the  type,  dimensions  and  quality  of 
the  wheel  tires,  the  weight  of  the  truck,  and  the  quality  of  its 
springs. 

The  air  resistance  per  unit  weight  of  truck  manifestly  depends 
upon  the  weight,  dimensions  and  shape  of  the  vehicle,  as  well 
as  on  the  speed  of  the  vehicle  relatively  to  the  surrounding  air. 

The  wind  resistance  per  unit  weight  of  truck  manifestly  de- 
pends upon  the  weight,  dimensions  and  shape  of  the  vehicle, 
as  well  as  on  the  direction  and  velocity  of  the  wind  and  the  veloc- 
ity of  the  vehicle.  It  is  assumed  that  at  low  wind  and  vehicle- 
speeds,  like  those  here  considered,  only  that  component  of  the 
wind  which  is  in  the  direction  of  the  vehicle's  path  needs  to 
be  taken  into  account,  and  that  the  mean  of  the  wind  resistances 
in  opposite  directions,  along  the  road,  is  zero. 

The  following  studies  are  suggested  for  future  experimenters 
along  the  line  of  this  investigation: 

(1)  Researches  on  vehicle  tractive  resistances  on  country 
roads. 

(2)  Tractive  resistances  to  vehicles  with  diflferent  wheel  tires. 

(3)  Tractive  resistances  of  urban  roads  at  low  speeds  from  0 
to  10  miles  per  hour  (16  km.  per  hr.) 

(4)  Tractive  resistances  at  speeds  higher  than  15  miles  per 
hour,  (24  km.  per  hr.) 

(5)  Tractive  resistances  for  heavy-duty  trucks. 

In  conclusion,  the  authors  wish  to  express  their  indebtedness 
to  Mr,  Thomas  A.  Edison  and  the  Gould  Storage  Battery  Co., 
who  contributed  the  funds  for  carrying  out  the  work;  to  the 
General  Vehicle  Co.  for  the  loan  of  the  truck  used  in  the  tests; 
and  to  the  Edison  Electric  Illuminating  Co.  of  Boston  for  their 
helpful  assistance  in  several  stages  of  this  research.  Further 
acknowledgment  is  due  to  Messrs.  A.  C.  Brown  (S.  B.,  M.  L  T. 
1914)  andF.  B.  Bams,  (S.  B  ,  M.  I.  T.  1915),  who  took  most  of  the 
observations  during  rosd  and  laboratory  tests,  and  to  Messrs. 
D.  J.  McGrath  (S.B.,M.  I.  T.  1912)  and  L.  H.  Webber  (S.  B., 
M.  I.  T.  1914)  who  rendered  assistance  in  the  preparation  of  the 
results. 
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Summary  of  Conclusions 
The  following  corclusicns  are  indicated  from  the  preceding 
results:   as  confined  to  urban  roads,  with  a  solid  rutber-tired 
motor  truck  between  the  speed  limits  of  from  1 3  to  25  kilometers 
per  hour,  (8  to  15.5  miles  per  hour.)     . 

(1)  The  ever-all  efficiency  of  the  test-truck  mechanism,  as 
described  in  this  report,  between  battery  terminals  and  rear- 
wheel  treads,  reached  a  maximum  \alue  of  about  78  per  cent, 
under  the  most  favorable  conditions. 

(2)  The  mechanical  efficiency  of  transmission  from  motor 
shaft  to  rear-wheel  treads,  for  the  truck  tested,  shaft-driven 
through  a  single-reduction  worm  gear,  was  found  as  high  as  90 
per  cent. 

(3)  Tractive  resistances  are  most  conveniently  expressed  as 
an  equivalent  percentage  grade;  i.e.,  a  level  road  of  defirite 
tractive  resistance  may  be  regarded  as  a  road  of  zero  tractive 
resistance,  but  rising  uniformly  x  units  in  100  units  of  road 
length,  or  having  an  equivalent  grade  of  x  per  cent. 

(4)  Under  the  conditions  of  these  tests,  the  tractive  resis- 
tance on  level  roads,  in  the  absence  of  wind,  is  composed  of 
(a)  displacement  resistance,  (b)  impact  resistance,  and  (c)  air 
resistance. 

(5)  The  displacement  resistance  varied  from  0.85  per  cent 
equivalent  grade,  for  a  hard  smooth  asphalt  or  bituminous 
concrete  to  1.6  per  cent  for  a  very  soft  tar-macadam  road,  and 
was  practically  constant,  for  all  speeds  considered,  on  any  given 
road. 

(6)  The  impact  resistance  increases  with  the  velocity,  with 
the  total  weight  of  vehicle,  and  with  increasing  road-surface 
roughness.  In  these  tests,  the  impact  resistance  of  good  asphalt 
or  bitulithic  or  other  smooth  pavement,  was  practically  negli- 
gible, and  reached  its  highest  values  on .  granite-block  roads 
with  sand-filled  joints,  and  on  badly  worn  macadam  pave- 
ments. The  rate  of  increase  of  impact  resistance  with  speed 
was  most  marked  on  the  roughest  roads. 

(7)  At  the  vehicle  speed  of  20  km.  (12.4  miles)  per  hour,  the 
air  resistance  for  the  vehicle  tested,  assumed  to  be  dependent 
only  on  the  speed,  was  roughly  0.11  per  cent  equivalent  grade; 
i,  e.,  from  4  per  cent  of  the  highest,  to  12.5  per  cent  of  the  lowest, 
total  tractive  resistance. 

(8)  The  following  urban  pavements  are  enumerated  in  the 
order  of  their  desirability  for  vehicle  operation  from  the  point 
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of  view  of  tractive  resistance  at  20  km.  (12.4  miles)  per  hr., 
as  found  in  this  investigation.  (1)  asphalt,  (2)  wood  block, 
(3)  hard  smooth  macadam,  (4)  brick  block,  (^)  granite  block 
with  cement-filled  joints,  (6)  cinder,  (7)  gravel,  (8)  granite 
block  with  sand-filled  joints. 

(9)  The  equivalent  grade  at  20  km.  (12.4  miles)  per  hr.  of  a 
badly  worn  city  macadam  road,  was  found  to  be  nearly  three 
times  as  great  as  that  of  the  best  asphalt  road  tested.  This 
means,  at  this  speed,  a  consumption  of  energy  at  wheel  treads,  of 
nearly  three  times  as  much  on  level  poor  macadam  roads  as  on 
good  level  asphalt  roads. 

(10)  Increasing  the  gross  weight  of  the  vehicle  by  12  per  cent, 
through  load,  was  found  to  have  no  effect  on  tractive  resistance 
within  the  observed  speed  limits  for  smooth  roads  in  good  con- 
dition; but  on  rough  roads,  a  distinct  increase  in  tractive  resis- 
tance with  this  extra  weight  was  observed. 

(11)  The  presence  of  a  layer  of  dust,  say  one  cm.  thick,  on  a 
fair  macadam  road,  was  found  to  increase  the  equivalent  grade 
of  tractive  resistance,  at  all  tested  speeds,  by  about  0.15  per  cent. 

(12)  A  freshly  tarred  and  therefore  very  soft  tar-macadam 
road  was  found  to  have  an  increased  tractive  resistance  equiv- 
alent,  at  substantially  all  tested  speeds,  of  about  0.5  per  cent. 
The  tires  in  this  case  sank  about  0.8  inch  (2  cm.)  into  the  road 
bed,  the  gross  car  weight  being  2140  kg.  (4710  lb.) 

(13)  The  total  range  of  tractive  resistance  equivalent  grade 
covered  in  the  tests,  was  from  0.93  per  cent  on  the  best  asphalt 
road,  at  lowest  speed,  to  2.7  per  cent  on  the  worst  macadam  road, 
at  nearly  the  highest  speed. 
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Discussion  on  'Tractive  Resistances  to  a  Motor  Delivery 
Wagon  on  Different  Roads  and  at  Different  Speeds", 
(Kennelly-Schurig),  Cleveland,  Ohio,  June  30,  1916. 

A.  A.  Nims:  (communicated  after  adjournment):  There  is 
one  factor  of  tractive  resistance  which  has  not  been  sep- 
arated and  listed  in  this  paper.  Its  value  may  be  of  small 
significance  and  perhaps  may  not  affect  the  accuracy  of  the 
restdts  to  any  great  extent,  but  its  existence  shotdd  be  recognized 
at  least,  if  for  no  other  present  reason  than  technical  accuracy. 

The  authors  of  the  paper  define  "road  resistance"  as  "the 
horizontal  force  required  to  pull  the  truck  over  the  horizontal 
road"  and  "air  resistance"  as  "the  horizontal  force  on  the  truck 
required  to  overcome  the  resistance  of  the  air".  Eliminating 
"wind  resistance,"  the  power  delivered  to  the  driving  wheel 
treads  at  constant  speed  on  a  level  road  is  considered  equal  to 
the  sum  of  the  power  consumed  by  road  and  air  resistances. 
Yet,  in  calibrating  the  truck,  belt  losses  on  the  wheel  treads  are 
found  to  be  an  appreciable  item,  especially  at  the  lighter  loads. 

The  driving  wheels  of  any  self-propelled  vehicle  do  double 
duty — they  carry  a  large  share  of  the  load  and  also  deliver  to 
the  road,  by  a  friction  transmission,  the  power  for  propelling 
the  vehicle.  It  would  therefore  seem  logical  that,  in  evaluating 
"the  horizontal  force  required  to  pull  the  truck"  the  losses  of 
the  friction  transmission,  consisting  of  driving  wheels  and  road, 
be  considered  in  addition  to  those  transmission  losses  that  occur 
entirely  within  the  vehicle  mechanism.  A  simple  means  of 
covering  all  these  losses  is  to  make  the  term  "vehicle  efficiency" 
include  all  losses  from  the  battery  terminals  to  the  groimd  in- 
stead of  to  the  wheel  treads  only.  When  "vehicle  efficiency" 
has  this  meaning,  it  may  be  used  to  determine  a  value  of  vehicle 
output  which,  at  constant  speed  on  a  level  road,  is  equal  to  the 
power  required  to  tow  the  vehicle  under  the  same  conditions. 

O.  R.  Schurig:  In  the  discussion  communicated  by  Mr.  Nims, 
the  "vehicle  efficiency",  (i.e.,  the  efficiency  from  battery  ter- 
minals to  the  ground)  is  mentioned  as  being  technically  more 
accurate  than  the  "overall  efficiency  of  driving  mechanism",  the 
latter  meaning  the  efficiency  between  battery  terminals  and 
wheel  treads,  the  difference  between  the  two  efficiencies  being 
that  in  the  first,  the  losses  in  the  tire  treads  are  considered  as 
part  of  the  vehicle  losses;  while  in  the  second,  they  are*  con- 
sidered as  part  of  the  power  delivered  by  the  vehicle.  In  order  to 
group  the  tire-tread  losses  among  the  vehicle  losses,  it  would  ob- 
viously be  necessary  to  separate  the  former  from  the  losses 
occurring  in  the  rdad  siuf ace  proper.  Since  an  acctirate  practical 
method  for  the  separation  of  these  two  mutually  dependent 
losses  is  not  known  to  the  authors,  the  "vehicle  efficiency"  as 
defined  by  Mr.  Nims  seems  to  be  purely  theoretical.  If  the  latter 
efficiency  were  practically  obtainable,  it  would  seem  to  be  less 


Digitized  by 


Google 


19161  DISCUSSION  AT   CLEVELAND  955 

useftil  than  the  overall  efficiency  employed  by  the  authors,  be- 
cause it  would  be  dependent  not  only  on  the  truck  speed  and 
battery  output,  but  also  on  the  nature  of  the  road  surface. 

The  "overall  efficiency  of  driving  mechanism"  as  defined  and 
determined  in  the  paper,  (1)  is  believed  to  be  technically  acctu'ate, 
because  it  takes  account  of  all  components  of  the  power  origina- 
ting at  the  battery  terminals;  (2)  it  is  readily  obtainable  ex- 
perimentally by  the  procedure  outlined  in  the  paper;  and  (3) 
it  is  the  term  employed  in  the  determinaton  of  all  those  portions 
of  the  battery  output,  which  are  dependent  upon  the  nature  of 
the  road  surface,  i.e.,  the  joint  tire-tread  and  road-stu*face  losses. 
These  joint  losses  serve  as  a  basis  for  the  calculation  of  the  hori- 
zontal force  required  to  move,  at  constant  speed,  a  truck  having 
ordinary  tire  losses,  but  being  otherwise  frictionless. 
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APPLICATION    OF    A    POLAR    FORM    OF    COMPLEX 

QUANTITIES    TO    THE    CALCULATION    OF 

ALTERNATING-CURRENT  PHENOMENA 


BY  N.  S.  DIAMANT 

Abstract  of  Paper 

In  the  calculation  of  alternating-current  phenomena  by  means 
of  complex  quantities,  as  a  nile,  the  rectangular  components 
of  the  vector  are  used,  and  the  rectangular  form  involving  the 
operator  J  =  V  —  i  is  more  common  than  the  polar  or  exponen- 
tial forms  which  involve  the  operators  (cos  e  +  j  sin  e)  or  f  y^  ; 
although  it  is  recognized  that  the  latter  are  very  convenient  in 
certain  cases. 

A  simple  method  for  dealing  directly  with  the  vectors  them- 
selves is  described  in  the  paper  and  it  consists  in  introducing 
the  operator  j»,  where  w,  contrary  to  ordinary  usage,  may  be 
any  positive  or  negative  fraction.  Just  as  j  or  j^  rotates  the 
quantity  before  which  it  is  placed  through  1  X  90  degrees,  so 
j^  rotates  the  number  into  which  it  is  multiplied  through  n  x  90 
degrees. 

The  operator  j»  follows  the  rules  of  ordinary  algebra  and 
according  to  these  the  diflFerent  algebraic  operations  of  multiplica- 
tion etc.,  are  developed  in  section  11.  In  section  III  a  few 
illustrative  problems  are  given;  these  are  followed  by  a  critical 
r^sum^  in  section  IV.  At  the  end,  for  convenience  of  reference 
a  summary  of  formulas  is  given,  and  a  very  short  bibliography  is 
included. 


I — Introduction 

ACCORDING  to  the  usual  method  of  dealing  analytically 
with  alternating-current  problems  a  stationary  vector' 
representing  the  harmonic  quantity  under  consideration,  is 
expressed  algebraically  by  a  complex  number  of  the  following 
forms: 

(a)  The  rectangular  form,  (see  Fig.  1). 

£  =  e  +  je'  (1) 

1.  As  to  the  classification  of  vectors  into  stationary,  rotative,  non- 
rotative,  etc.  an  interesting  paper  by  A.  E.  Kennelly,  Trans.  A.  I.  E.  E. 
June  1910,  may  be  consulted.  It  should  be  noted,  in  this  connection, 
that  in  electrical  engineering  we  deal  with  two-dimensional  rector  repre- 
sentation of  harmonic  quantities  rather  than  the  two-  or  three-dimensional, 
non-localized  true  vectors  of  vector  analysis  or  quaternions. 
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where  e  and  e'  are  the  rectangular  coordinates  of  the  point 
representing  the  complex  number. 
(6)  The  polar  form,  (see  Fig.  1). 


£  =  £  (cos  0  +j  sin  0) 


(2) 


where  E  =  y/e^  +  f '*»  and  0  =  tan"^  I — j,  are  the  polar  co- 
ordinates of  the  same  point  representing  the  same  complex 
number.  Equation  (2)  can  also  be  written  in  the  exponential 
form  by  means  of  the  identity, 


Thus 


(cos  0  +jsm  0)  =  e^' 
E  =  Ee^' 


(3) 


JLJt , 

^      Hoibontal  Axis  of  Raah 


Fig.l 


Convenient  and  useful  as  it  is  in  engineering  problems  (whether 
electrical,  civil  or  mechanical)  involving  vectors,  to  resolve  these 
into  two  rectangular  components,  it  is  preferable  at  times  to 
deal  directly  with  the  vectors  themselves.  Indeed,  it  is  not 
uncommon  in  the  derivation  of  general  expressions  for  regulation, 
etc.,  to  use  vectors  rather  than  their  components;  for  instance, 
the  (primary)  impressed  voltage  of  a  transformer  may  be  written 
as 

El  =  Eiiil  +  Zi  Yo  +  Zx  YJd?),  instead  of,  (4) 

">,(6o+|,)]  (6) 
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Equation  (4)  not  only  looks  simpler  than  (6)  but  it  is  a  much 
better  mathematical  shorthand,  so  to  speak,  since  it  allows  at  a 
glance  to  see  into  the  physical  meaning  of  the  expression;  this  is 
very  important  and  valuable  in  engineering,  both  from  a  practical 
and  educational  point  of  view.  Translating  (4)  into  words  it 
will  be  seen  that  it  states  in  a  simple  and  direct  manner  that  the 
voltage  impressed  upon  a  transformer  =  (the  primary  induced 
voltage)  +  (the  exciting  current,  Ea  Fo,  times  the  primary 
impedance  Zi)  +  (the  load  current  [reduced  to  primary]  times 
the  same  impedance  Zi);  where  the  plus  sign  signifies  vector 
addition. 

In  actual  calculations,  however,  so  far  as  the  writer  is  aware, 
in  standard  a-c.  engineering  works  or  technical  papers,  use  is 
made  of  expression  (6)  rather  than  such  an  equation  as 

£i  -  en  [  1  +  Z,ei-  (  Fo^-^^  +  ~  e-^r  J] 

=  en  [l  +  Zo  Fo  e^(-  - «  +Z,^  ^(^  -  r)  ]  (6) 

The  object  of  the  paper  is  to  discuss  briefly  the  use  of  a  simple 
polar  form  of  complex  quantities  and  indicate  some  of  its  ad- 
vantages when  used  either  by  itself  or  in  combination  with  the 
usual  present  day  methods. 

II — Principles 
1.  General.     A  sinusoidal  e.  m.  f.  or  current  may  be    repre- 
sented by  (see  Fig.  1) 

E  =  e+je' 

I  -  i+ji' 

where  the  symbol  j  (=  V  —  1),  as  it  is  well  known,  rotates  the 
quantity  before  which  it  is  placed  through  90  deg.  However, 
since  J  follows  the  laws  of  ordinary  a/^eftra  it  is  entirely  plausible, 
and  interesting  to  inquire  into  the  meaning  of  j*,  where  »,  con- 
trary to  common  usage  is  not  an  integer  but  any  positive  or 
negative  number. 

Just  as  j  or  /  indicates  rotation  through  90  X  1  deg.  and  / 
indicates  rotation  through  90X3  deg.,  so  j*  must  be  interpreted 
as  rotation  through  90  X  }  =  45  deg.      In  general  Aj*  (a  ^f^r\n\o 
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may  be  interpreted  as  rotation  of  the  number  A  through  90  X  a 

IT 

deg.  or  —5-  a  radians  in  the  positive  or  counter-clockwise  direc- 
tion; similarly:  Aj'"  (a  >  0)  represents  a  vector  which  has 
been  turned  through  a  — ^    radians  in  the  negative  direction. 

Thus  the  exponent  of  j  may  be  any  number  and  it  indicates  the 
phase  relation  of  the  quantity  under  consideration.  For  in- 
stance, an  e.  m.  f.  of  E  volts  and  60  deg.  out  of  phase  with  the 
current  will  be  represented  according  to  the  above,  as  £  =  Ej^^ 
where  a  =  (60/90)  =  2/3  and  /  =  //  =  /,  since  j  to  the  zero 
power  =*  1,  just  as  for  any  other  algebraic  quantity. 

If  desired  the  above  statements  can  also  be  proven  by  means 
of  De  Moivre's  theorem,  as  follows: 

(ir  IT  \       /         IT  IT  \* 

cos a^"  +J  sin « ^  )^  (cos s"  +  jsin  -^1 

i.  e,,  the  operator  j«  is  identical  with  (cos  0  +  j  sin  0),  where 

0-  ja. 

2.  Multiplication  and  Division.  As  we  have  seen  a  vector 
A  can  be  represented  as: 

A  =  a+  ja\  or  (70 

A  =  4j-  (7) 

Similarly  a  vector  B  can  be  written  as: 

B  =  b  +  jb\  or  (80 

B  =  Bj^  (8) 

According  to  the  ordinary  method, 

AB  =  (ab  -  a'  ft')  +  j  (ab'  +  a' b)  (9) 

Note:  It  will  found  convenient  to  denote  angles  in  degrees  by  a®,  /8® 
etc.  and  the  same  angles  in  radians  by  ot\  j3'  etc.  In  the  method  herein 
described  OL  may  then  be  taken  as: 

Of  o 

-^   or  -^-— ;  thus /•  -  /  -^^  -  ,V/»/8. 
90**         ir/2'         -^       ^   90**       ^ 
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Buta  =  i4  cos  a^,a'  =  A  sin  a^\b^B  cos  /Standi'  =  jBsin  /8* 
where  a°  =  (90  a)  deg.,  and  j8°  =  ( /3  90)  deg. 

Substituting  in  equation  (9)  we  get: 

AB  =  i45(cos  (a°  -  iS^)  +  i  sin  («^  -  /8^)) 

The  last  expression  according  to  the  notation  under  discussion 

becomes: 

AB  =  ^5j(«+^)  =  Cj^  .  (11) 

Translating  (11)  into  words  it  will  be  seen  that  the  product  of 
two  harmonic  quantities  represented,  as  vectors  A  and  B  by 
means  of  complex  quantities  of  the  form  (7)  or  (7')  and  (8)  or 
(8')   is  equal   to  a  new    quantity   C  =  AB    turned    through 

( -s-  8  I  radians  with  respect  to  the  reference  axis. 

Similarly  it  will  be  seen  that, 

A  A 

If  in  equation  (12)  A  represents  an  e.  m.  f.  and  B  a  current 
produced  by  it,  their  quotient,  the  impedance  of  the  circuit,  is 

given  by: 

Z  =  Zjr 

where  Z  ^  A/B  and  7  =  (a  —  j8).  In  this  connection  it  is  of 
interest  to  consider  in  a  little  detail  the  meaning  of  the  reciprocal 
of  a  plane  vector,  such  as  Z  =  Zj^ 

Let  Y  be  the  reciprocal  of  Z;  then  by  definition, 

FZ-  1  =  (Ki-)   {Zjr) 
«   YZj^'^^r)   =  1/ 
i.e.,  (€+7)=  0  or  €  =  —  7. 
In  short,  it  is  seen  that  the  reciprocal  of  a  vector  Z  =  Zjr 

is  a  new  vector  turned  through  ( —  7)   «   radians  and  having  a 

length  equal  to  (1/Z).  The  great  simplicity  of  this  result  is 
not,  of  course,  unknown  in  connection  with  the  exponential 
representation  of  a  vector;  but  it  is  not  shared  with  the  ordinary 
notation,  and  the  average  student  or  even  engineer  is  loath  to  use 
such  expressions  as: 


r-(-i--i-i-)"(«--^*> 
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since  the  admittance  Y  in  terms  of  r,  x  and  Z  is  rather  involved 
and  its  physical  meaning  is  not  qtiite  apparent. 

In  general  the  product  or  quotient  of  any  nimiber  of  vectors 
can  readily  be  written  down: 

AB  etc.  AB  etc 

.      CD  etc.  CD  etc.  -^  ^  ^ 

3.  Addition  and  Subtraction.     Consider  two  vectors,  A  and  B: 
A  =  Aj'»  a+ja'  (14) 

B  =  Bjfi    =  6  +  j6'  (16) 

Their  sum  C  in  terms  of  rectangular  components  is: 

C  =  Cj*  ^  {a  +  b)  +j  (a'  +  y)  (16) 

whence,  placing  a'=  -^  a  and  j8'  =  -^  j8, 

(7  =  ^«  +  B»  +  2  AJ5  cos  (/3'  -  a')  (17) 

This  follows  also  directly  from  elementary  trigpnometry,  (see 
Fig.  2). 

The  phase  angle  S'  =  -^  S  can  be  calculated    by  means    of 

one  of  the   following   expressions. 


f,       ^       ,   Asma    +BsinP 

0    =  tan-*  — I ;   ,    p %T 

A  cos  a  +  B  cos  j8' 


(18) 
(19) 


where        25  =  i4rfjB  +  C. 


Similarly  the  sum  of  three  or  more  vectors  can  be  obtained 
by  the  use  of  the  above  formulas;  however,  judgment  should 
be  exercised  in  the  choice  of  the  method  or  methods  to  be  used 
in  any  given  problem  in  order  to  simplify  calculations  as  much 
as  possible.  Thus  in  case  of  more  than  two  vectors  it  may  be 
more  convenient  to  obtain  the  resultant  by  means  of  the  rec- 
tangular form  of  complex  quantities. 
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To  find  the  difference  of  any  two  vectors  A  and  C  (see  Fig.  t3) 
it  may  be  noted  that  ii  A  ^  A  j*  then  —  i4  is  equal  to  A  f  and 
consequently, 


B  =  Cj'-  Aj- 
=  Cj*  +  Aj"^^ 


(20) 


where  a""  =  90  a  and  (a  +  2)  =  (a°  +  180)  deg. 
Therefore  according  to  equation  (17)  we  get: 

5«    =  C?  +  A^-  2  AC  cos  {y-  a^) 

Y 


(M) 


^%  180V 
^•♦1»V 

^ 

.../r- 

Fig.  2  -C* 

The  phase  angle  is  given  by: 

C  sin  S°  —  A  sin  a^ 
cos  a® 


/8^  =  tan-*  ;^ Jo T 

^  C  cos  0   —  i4 


Pig.  8 


(2S) 


In  .this  connection  it  may  be  noted  further  that,  (see  Fig.  3) 

5   =  C  -  ^   =  Cj*  +  ^  J<3+.)  =  (C;(2+l)  +  ^  j«  )y2^       (24) 


or 


Bj^^  =  (Cj«  +  .4)  =  (>I  -  C) 


(26) 


4.  General  Expression  for  Power,  The  general  expression  for 
power  which  applies  to  a-c.  or  d-c.  circuits  of  any  wave  shape  and 
phase  displacement  is: 


f  J  *^'"rj*^ 


eidd  (26) 
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where  e  and  tare  instantaneous  values  expressed  as  functions  of  the 
time,  /»  or  the  time  angle,  6,  and  in  the  simplest  case  when  e  and 
i  are  constant,  P  =  EL  If,  however,  e  and  i  are  given  by  a 
Fourier's  series,  products  of  harmonics  of  different  frequencies 
will  contribute  nothing,  and  for  the  nth  harmonic  the  power 
Pn  will  be  gi^-en  by: 


Pn 


2    (£»  max   In  max  COS  a°)    ==   £«  h  COS  a° 


(27) 


where  En  and  /«  are  the  effective  values  of  the  nth  harmonic  of 
e.  m.  f.,  and  current,  and  a°  =  (90  a)  deg.  is  the  phase  angle 
between  En  and  /». 

According  to  our  notation  if  En  =  Enj"^  and  In  =  /«  then, 


If  in  general  (see  Fig.  4) 


or 


e  =  £«.  sin  (6  +  a°) 

(28') 

i  =  /„„  sin  (  d  ±  j8°) 

(29') 

£  =  Ej- 

(28) 

/  =  /;■*« 

(29) 

where  E  and  /  represent  the  effective  values  of  Emax  and  Imax 
anda°  =  (90  a)  deg.  and  i8°  =  (90  /?)  deg.,  the  power  P  will  be: 


-J 


(«)   d  d    =    i    En^ax  In^ax  COS   (a°  -     )8°)  (80) 


^  EI  COS  (a°  -  iS**)  (SI) 


where  j8  may  be  positive  or  negative;  i.  e,  whether  the  current 
be  leading  or  lagging  the  power  is  given  by  equation  (SIJ.  ^ 
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Comparing  this  result  with  the  usual  rectanejular  notation  we 
have: 

p  =  J.   I  {ei)de^EnIn  (cos a° cos  j8^+sin a^ sin  8°)         (32) 
=  ei±e'i'  (38) 

where  En  =  (en  +  jcn)  and  I^  =  (in  =F  jin) 

The  general  expression  (31)  is  very  simple  and  it  states  that  the 
power  in  any  circuit  due  to  any  harmonics  of  the  same  order  is 
equal  to  the  product  of  the  r.  m.  s.  value  of  voltage  and  current 
into  the  cosine  of  their  (algebraic)  phase  difference.  As  to  equa- 
tion (32)  it  is  seen  that  it  can  be  translated  into  the  general  law 
that  the  power  produced  by  a  voltage  £  =  (e  +  je'),  and  a 
current,  /  =  (i  d=  j  t'),  is  given  by  the  real  part  of  their  product, 
with  one  important  provision  of  reversal  of  sign.  This  change  of 
sign  impairs  the  simplicity  of  the  rule  although  it  may  be  ac- 
counted for  by  introducing  the  idea  of  double  frequency  quanti- 
ties, etc.;  however,  this  seems  rather  unnecessary  and  round 
about  since  it  is  not  advisable  to  define  average  power  as  the 
product  of  two  (plane)  vectors,  in  the  first  place;  it  is  best  to 
base  definitions  on  general  and  fundamental  propositions  as  it 
was  done  above. 

5.  Logarithm  of  Af*.  This  is  readily  obtained  by  following 
the  rules  of  algebra  according  to  which  : 

\og{Aj-)  ^\ogA  +log(i*)  (34) 

=  log  ^  +  nlog  (j)  (86) 

But  the  logarithm  of  anv  complex  quantity  a  +  jb  is  known  to 
be: 

log  (a  +  jb)  =  log  ( ViM^)  +j(e  +  2irm)        (36) 

where  d  =  tan~*  {b/a)  and  m  is  any  integer  which  for  simplicity 
can  be  taken  as  zero.     Consequently, 

log  U)  =  log  (j  1)  =  i  (^  +  2  T  m)  (87) 

and  therefore  substituting  (37)  in  (36) : 

log  {Af")  =^logA  +j  ^n  +  2Trmn  (88) 

where  m  may  be  assumed  to  be  zero. 
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6.  Differentiation.     Assuming    again    that    the     operator  J" 
can  be  treated  as  an  algebraic  quantity  we  have: 

d(A)^d{Aj-) 

^j^'diA)  +A'd(r)  (89) 

Assuming  that  (;'")  follows  the  rules  of  calculus  we  have: 

d(f)^j-'\og(j)'dn  (40) 

Whence  substituting  (37)  and  (40)  in  equation  (89) : 

d{A)  ^fdA  +  A^  'j^^-^^y-dn  (41) 

The  same  result  can  also  be  obtained  as  follows: 

The  differential  of  a  complex  quantity  is  known  to  be: 

d{A)^d(a+ja') 


d  (A  cos 

e+j 

A  sin  6) 

cosO- dA-  A    sine    dd 

+  j  {sin  e-dA  +  A    cos  6  ■  d  6) 

(cos  e  +j  sin  6)  dA 

+  Adej  {cos  d  +jsine) 

B 

Vi 

*i  ».A?. 

i 

z 

i   /      > 

C 

*       '■ 

Flg.5 

It  is  easy,  by  substituting  7"  for  the  operator  (cos  0  +  j  sin  tf), 

IT 

where  6  =   ^r  n,  to  obtain  equation  (41). 

Or  again,  if  desired  the  exponential  form  can  be  used  and  by 
substituting  7"  for  e^'  in 

d(Ae^')  =  e^'  .dA  +  Ae^'J.dO  (42) 

expression  (41)  be  derived. 

Ill — Illustrative  Problems 
In  order  to  illustrate  the  use  and  application  of  the  method 
just  described  a  few  simple  examples  will  be  considered. 

(1)A  Y-connected  generator  feeds  an  unbalanced  A-connected 
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load  as  shown  in  Fig.  5.  To  find  the  respective  phase  and  line 
currents,  voltages,  phase  angles  and  power. 

This  problem  will  be  solved  by  the  use  of  complex  quantities 
and  the  exponential  form  as  follows: 

A  — Notation  discussed  above. 

B  — The  usual  reactangular  form. 

C  — The  usual  polar  form. 

D  — The  exponential  form. 

Phase  currents  of  load: 

J        _  _E^  -(J-.)       _  (gn  +  j  e\t)  (ri  -  j  Xi) 

=  -7-  I  -  sin  p'  +  7  cos  p'  \  =  -=-  €     ^  8       ■' 

r         ^    _£_  ,.(5/3-r)  =.  (g«  +  j  g'ii)  (>•»  -  .7  «») 

Line  Currents  A 

/a   =   (/ip*  -  /spa) 

•  •  • 

=  J'  [/»ip»  +  /»,p*-  2/.,»  /,p»  cos  (•^-  7'-  -f  +  «')] 

/b  =  (/sp*  -  hfh) 

=/  [/*,,»  +  /Sp»-  2  7,^  /,,»  cos  (-^  -  7'  +  ^  +  /?' )] 
=  /  [/'ip»  +  /Sp»  -  2  J,p»  /,p»  cos  (  -|^  -  a'  +  ^  +  /3')] 
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B. 
/a  =  (Jip»  —  hpk)     =  (iip»  -  ijp»)   +  j  {i'pk  -  i'tph) 

Ib  -  {Itpk  —  Itpk)     =  (t»j>»  -  t»p»)   +  j  (»'»!*  -  i'tph) 

Ic  =  (/»,*  -  Iirh)      =   (it,*  —  ilph)    +  j  (t'lj*  -  t'lp») 

where, 

(*ii*  +  j  i'lph)  -  [(«!«  ri  +  e'u  xi)  +  j  {e'u  n  —  ««  Xi)]  Zr* 

(ill*  +  j  i'ifh)  =  [-  e'i»  Xi  +  J  e'ts  r»]  Zj-* 

(»>i*  +  i  *8p»)    =  [(e»i  ft  +  «»i  x»)  +  i  (c'si  fi  -  «»i  ici)]  Zt~* 

C. 
Ik  =  [-|-  cos  (I  -^)--i;  *^^(l  -  ^')] 

In  case  of  method  D  in  order  to  carry  on  actual  computation 
for  /a,  /b  and  /c  it  is  necessary  to  make  recourse  to  one  of  the 
other  methods. 

In  regard  to  the  expression  given  under  B  and  C,  it  may  be 
noted  that  the  square  root  of  the  sums  of  the  squares  of  the  two 
components  has  to  be  taken  in  order  to  find  the  magnitude  of 
the  line  currents  /a,  /b  and  /c. 

Phase  angles  of  the  line  currents:  A. 


tan" 


Iivh  sin  (^  -  a'j  -  /sp*  sin  ( -^  -  y'j 
h^  cos(^  -  a)  -  /.,*  cos  (^  -  y) 
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/^  Sin  (-^  -  7')  +  /.p»  sin  {^  +  /S') 

U  ***    tall  .  p,  r  .  » 

7,^  cos(-^  -  Yj  -  /,pfc  cos  ^-|  +  jS'j 


tan 


-  /ip*  sin(  ~  +  P'\  -  /ip*  sin   ( ~  -  a'j 
Itph  cos  f  ^  +  j8' j  -  /ipA  sin  f -g-  -  a' j 


where  5°  =  90  6  degrees,  and  similarly  for  the  others. 

B 

JO         ^    tan"'       ^^p»  —  ^^y*  Qo     _.       ^'^pA  —  t'^pA 

ilph  —   *8j»A  tSfiA  —   itph 


Xo  =  tan-   ^*>*~*^'* 


c 

5*      -  tan 


E     .    (T  A        E     .    /5ir  A 

,     .  -zT  ^^°  ( 6  -  "7  -  TT  ""  ("6-  -  V 

_   COS  (^  -  a'j  - -^  cos  (-^  -y') 


similarly  for  d°  and  X**. 

Power  at  the  load:  A 

Piph  =  Piph  Zi  cos  a""  or  Pip*  =  E  /,pA  cos  (30*'  -  a**  -  30°) 

Pipk  =  /»2pA  Z2  cos  j8°  orPjpA  =  £/2pA  cos  (-  150°  -  /3^  -  150° 

Piph  =  /V-Zscos  T'^orPsp*  =  £/3p*  cos  (150°-  7°-  150°) 

B 

-PlpA    —    Piph  Ti     or  Pip*    =    tfi2  tlpA   +   ^'lipA  t'lpA. 

Piph  =  Ptph  Ti   or  Pap*  =  —  ^  28  i  jpA 

PspA  =  Pzph  fi   or  Pj^*  =  e%i  tap*  +  ^'si  t 'ip* 
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£*  £?  £? 

Piph  =  -^-   cos  a**  Psp*  =  -=—  cos  j8°  PjpA  =  -=-  cos  7** 

Zi  Zi  Zs 


which  are,  of  course,  similar  to  the  expression  given  for  method  A. 

100 
Numerical  example:  Let  £  =  100;  Epk  =  —7=-  ; 


and,  Zi  =  1.  j^' 
Z2  =  1.2 /o* 
Z,  =  1.3  i  ®^* 


then, 


.15« 


0.707  +  j  0.707 
1.128  +j  0.408 
1.28     -  ;  0.226 


—1121 
/ip*  =  83.3  j   00- 


160^ 

izpk  =  77  jw- 


/ip*   =  100  7   «o- 

/A      =  [100*  +  77*  -  200  X  77  cos  175**]*  =  177  amperes. 

/b  .  =  [SSiS*  +  77'  -  2  X  83.3  X  77  cos  270°]*  =  114  amperes. 

/c      =  183^*  +  100*  -  200  X  83.3  cos  95°]*  =  137  amperes. 

50  =18°     =  «  (90°);  5  =  0.2 
r  =  112.8°  =  e  (90°);  e  =  1.255 
X°  =  202.8°  =  X  (90°)  X  =  2.259 

Power  at  load : 

Pi  =  100  X  100  X  cos  45° 


=  1  X  100*  X  cos  45° 

Ps   =  100  X  83.4  X  cos  20° 
=  83l*  X  1.12  X  cos  20° 

Pa   =  100  X  77  X  cos  10° 
=  77*  X  1.3  X  cos  10° 

Total  power  at  load 


=  7070  watts 


=  7860  watts 


=  7600  watts 


22,520  watts. 
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Power  at  generator: 

ion 
Pi   =  177  X  -^  X  cos  18°    =  9710. 
V  3 


ion 
Pa   =  114  X    -5^  X  cos  120°  =  6520. 


100 

P,   =  137  X  ^  X  cos  240°  =  6290. 

Total  power  at  generator  =  22,520  watts. 
The  vector  diagram  is  shown  in  Fig.  6. 

2.  A  load  having  a  variable  power  factor  and  consuming  a 
constant  voltage  is  supplied  through  an  inductive  line  whose 
characteristics  are:  (r  +  jjc  )  =  Z  =  Zj^  .  To  investigate  the 
effect  of  leading  and  lagging  current  on  the  generator  voltage. 

Taking  the  load  voltage  as  the  reference  vector,  the  generator 
voltage,  Eg,  is: 

Eg  ^  e  +  Ij'^fi.Zj^  =  «  +  IZj^^'^fi^ 

where  the  positive  sign  refers  to  leading  and  the  negative  sign 
to  lagging  current. 

Inasmuch  as  we  are  dealing  with  vector  addition  of  a  quantity 
(/Z),  making  (a°  ±  j8°)  degrees  with  a  horizontal  line  (e)  volts, 
a  little  consideration  will  show  that  for  any  given  value  of  j8® 
the  resultant  Eg  will  be  larger  when  j9°  is  negative,  t.  e.  when  the 
load  is  inductive  than  when  the  load  is  condensive.  Indeed  it 
is  not  difficult  to  form  a  mental  picture  of  the  sum  of  the  two 
vectors,  e  and  (IZ)]^*^  *^\  and  see  that  when  Xa"^  ±  j8°)  =  0, 
Eg  is  maximum,  and  when 

(a°  zfc  j8°)  =  90°  Eg  is  minimum. 

Suppose  now  we  prove  this  elementary  but  fundamental 
proposition  by  means  of  the  usual  rectangular  form  of  complex 
quantities: 

Eg  =  [(«  +  if  -  i'xy  +  {i'r  +  ijc)2]*,  for  leading  ciurent. 
E'g   =  [(«  +  i^  +  *'^)*  +  (wc  —  iV)*]*    for  lagging  current. 
It^is^not  apparent  by  comparing  these  equations  to  see  whether 
Eg  >  Eg'  or  vice- versa. 
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3.  Finally  consider  the  calculation  of  the  characteristics  of  a 
long  transmission  line  with  distributed  inductance  and  capacity. 
It  is  known  that  the  voltage  and  current  at  any  point  along  the 
line,  at  a  distance  /  from  the  receiving  end,  are  given  by  the 
following  expressions: 

El  =  Er  (1+  ZY/2  +  Z«P/24)  +  ZIr  (1+  ZY/6  +  Z^Y^/120) .. 
/i  =  /,   (1+  ZY/2  +  Z«F«/24)  +  Ylr  (1+  ZK/6  +  Z«P/240).. 


Generator  phase  voltages.  Euph.  G.  etc.,  line  voltages,  £is,  etc.  are  to  same  scale.  Phase 
currents  of  load,  I\ph  L-  etc.,  and  line  currents,  /a  etc.  are  to  same  scale  which  is 
different  from  the  voltage  scale. 


where  Z  and  Y  are  the  impedance  and  admittance  of  the  length 
of  the  line  under  consideration,  and  the  subscript  refers  to  the 
receiving  end.  These  equations  are  fairly  long  for  purposes  of 
calculation  on  account  of  the  many  multiplications  involved 
-furthermore  computations  become  rather  tedious  owing  to  the 
iaJbt  that  ordinarily,  either  the  real  or  imaginary  components  of 
some  of  the  quantities  involved  are  very  small,  but  still  cannot 
be  neglected.  These  objections  will  remain  true,  although  to  a 
lesser  degree,  even  when  the  equations  are  simplified  by  dropping 
the  terms  containing  Z^  and  P.     For  the  sake  of  comparison  the 
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e.  m.  f.  equation  is  given  in  the  usual  notation  and  in  the  one 
discussed  above: 

E,  =  {er  +je\)  [1+  (r  +jx)  {g  +jb)/2  +  (r  +jx)  (ir  +jir')] 

El  =  Erj^  +  £,ZFj<«  +  ^  +«  +  /rZit«+r) 

As  an  example  the  curves  in  Fig.  7  give  the  characteristics  of  a 
transmission  line  100  miles  long  and  delivering  20,000  kw.  at 
100  kv.  (or  100/ Vs  to  neutral)  with  a  periodicity  of  25  cycles  per 
second.  The  line  consists  of  two  No.  00  B.  &  S.  aluminum  con- 
ductors in  parallel,  spaced  7  ft.  apart  and  strung  on  separate 
steel  towers.     The  resistance  is  32.2  ohms,  the  inductive  react- 
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Fig.  7 

ance  is  4376  ohms  and  the  condensive  reactance  is  0.664  ohms 
per  conductor. 

The  calculations  are  too  lengthy  to  be  given  in  detail  and 
would  be  of  little  value  since  nothing  can  take  the  place  of  testing 
for  ones*  self,  by  actual  calculations,  the  advantages  and  dis- 
advantages of  the  different  methods. 

IV — Critical  Resume' and  Summary 

It  has  been  shown  that  without  any  radical  modification  of  the 

present    day  method    of  alternating-current  technology  it  is 

possible  to  deal  in  calculations  directly  with  vectors  in  a  simple 

manner  by  using  the  polar  form  of  complex  quantities  involving 
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the  operator  J  •  =  (V—  1)«,  which  indicates  rotation  through 
90  a  deg.  in  the  positive  direction.     Thus, 

E  =  £/• ,  in  the  polar  form  given  herein; 

£  =  e  +  je\  in  the  rectangular  form. 

The  choice  of  mathematical  methods  and  notations  is  neces- 
sarily to  a  certain  extent,  influenced  by  personal  tastes  and  it  is 
not  practicable  to  give  any  general  rules  as  to  when  the  notation 
given  herein,  either  by  itself  or  in  combination  with  others,  will 
prove  most  advantageous.  At  present  some  engineers  prefer 
to  use  trigonometric  methods  entirely,  while  others  employ 
complex  quantities  almost  exclusively;  still  others  use  either  of 
these  methods  or  exponentials  and  hyperbolic  functions,  etc. 
according  to  whichever  they  think  lends  itself  best  to  the  case 
under  consideration.  Although  the  last  ones  are  probably  in 
the  minority,  it  is  no  doubt  best  to  avail  oneself  of  the  peculiar 
advantages  of  the  different  notations  so  far  developed. 

The  judicious  choice  of  either  the  rectangular  or  polar  form  of 
complex  quantities  as  given  here  and  the  judicious  combination 
of  the  same  in  dealing  with  alternating-current  problems  will  be 
found  useful  in  the  theory  and  calculation  of  alternating  cur- 
rents and  alternating-current  machinery. 

For  convenience  of  reference  the  summary  below  is  given: 

I.  A  sinusoidal  or  equivalent  sinusoidal  function  may  be  rep- 
resented by  means  of  one  of  the  following  notations:* 

(1)  A  =  Aj- 

(2)  4  =  a  +  ja' 

(Z)  A=  A  (cos  a^  +  j  sin  a^) 

(4)  ^  =  ^  e^«' 

(5)  A  =  A/jC. 

w 
Where  -^  a  =  a'  radians  and  a  90  =  a°  deg. 

2.  The  exponent  of  j  in  (1)  is  a  number;  the  exponent  of  (4)  must  be 
j  (radians) ;  and  the  angle  in  (8)  and  (6)  may  be  expressed  in  radians  or 
degrees.  In  this  connection  it  may  be  noted  that  (6)  is  more  of  a  symbol 
than  a  mathematical  notation,  ^^  ^ 
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II.  The  product  of  any  number  of  vectors  is: 

^.=  ABC  etc.  =  M^Cetc.)  ( j(« +/> +  retc.)) 

III.  The  quotient  of  any  number  of  vectors  is: 

AB  etc.  AB  etc 

CI>etc.  CI>etc.  -^ 

The  reciprocal  of  a  vector  Zj"  is  (I/Z)j  ~  ■ 
•    IV.  The  sum  of  two  vectors  is: 

A  7«  +  Bjf^  =  [A^  +  B^  +  2  AB  cos  (a^  -  0^)]^j* 
where, 

to       4.     -1  -^  sin  a""  —  B  sin  j8°         ,^^jj.        -     o       /    nn\ 

)8»  =  (/S90) 

V.  The  difference  of  two  vectors  is: 

Aj'  -  Bjf^  =  [A^  +  B^-  2  AB  cos  (a°  -  /?°)1*  j' 
where, 

•o       ^       ,  i4  sin  a°  —  5  sin  jS® 

d°   =  tan-*    ;; 5 = 5o 

A  cos  a°  —  B  cos  p^ 

VI.  The  power  in  a  circuit  due  to  a  current  Ij^^  propelled  by 
an  e.m.f.  £;«  is: 

P  ^  EI  cos  (a*  -  /9*) 

VII.  The  differential  of  Aj'  is: 

d{Aj-)  ^j-(dA  +Aj^.da) 

VIII.  The  logarithm  of  yl  j«  is: 

\og{Ar)=logA  +j(^^   a+2Tm) 
where  fw  may  be  taken  as  zero. 
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IX.  Some  other  expressions  of  interest  are  as  follows: 

1.  ^  =  ^  ;«or  strictly  A  =  -4  j«+*^,  where  tn  may  be  taken 
as  zero,  this  being  the  usual  practise  in  all  similar  cases.  For 
instance,   1/2  =  sin  t/6  or   strictly  1/2  =  sin  (tt/G  +  2  tt  m) 

2.  (ilj*)"  =  i4«  (j'"*).     Similarly, 

VAj  =  ^i/»».j«M 

r 

3.  j«  =  «     2   =(cos  a*"  +  j  sin  a°),  where   (d  X  90)    = 

(Odeg. 

Therefore,     ;  =  V  -  1  =  e^  '/2 

4.  log  j  =  log  («>  '/2)  =  i  2      ' 

logj«  =  log  (e^'«  '/2)  =j  Q,  _. 

In  conclusion  the  writer  wishes  to  thank  Mr.  W.  C.  Graustein, 
of  the  department  of  mathematics  of  the  Rice  Institute,  for 
valuable  criticisms  and  suggestions. 
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Discussion  on  "Application  of  a  Polar  Form  of  Complex 
Quantities  to  the  Calculation  of  A-C.  Phenomena" 
(Diamant),  Cleveland,  Ohio,  June  30,  1916. 

Alexander  Gray:  Every  September,  before  I  meet  my  classes, 
I  have  to  review  the  subject  of  complex  quantities  as  applied 
to  the  solution  of  the  problems  in  electrical  engineering  because, 
during  the  rest  of  the  year,  I  never  have  occasion  to  use  this 
method  in  my  own  work. 

I  am  afraid  that,  in  some  of  our  schools,  the  use  of  this  method 
is  carried  to  extremes.  An  induction  motor  for  example  becomes 
a  curly  line  and  is  called  r  +  jx  but,  while  the  solutions  obtained 
are  elegant,  the  student  does  not  always  know  what  they  mean 
nor  does  he  obtain  such  an  idea  of  the  operation  of  the  machine 
as  to  argue  regarding  its  characteristics  when  away  from  his 
formtdas. 

It  is  true  that  in  circuit  work  solutions  may  more  readily  be 
obtained  by  the  use  of  complex  quantities  than  by  other  methods 
but  I  find  that  if  the  problem  is  not  in  the  book  the  student  is 
not  satisfied  with  the  solution  until  he  has  checked  it  by  vector 
diagrams  and  trigonometry. 

Unfortunately  the  average  student  is  not  equipped  with  suffi- 
cient mathematics  to  understand  what  he  is  doing  when  he  uses 
the  methods  of  Dr.  Steinmetz  or  this  elegant  method  now  sug- 
gested by  Prof.  Diamant. 

E.  E.  F.  Creighton:  I  think  it  is  very  exceptional  indeed  that 
mathematics  is  used  after  leaving  college.  Men  come  to  me,  who 
have  been  out  of  college  a  year,  and  are  unable  to  use  the  mathe- 
matics which  they  learned  there.  Of  cotu"se,  there  are  excep- 
tions. I  should  say  this  condition  is  somewhat  a  reflection  on 
the  methods  of  teaching  mathematics.  There  are  a  good  many 
things  interesting  about  mathematics,  although  you  would  never 
know  it  by  the  way  it  is  taught. 

It  happens  that  other  methods  seem  to  be  favored  in  the  indus- 
trial concerns.  One  can  get  a  solution  of  a  problem  in  general 
more  quickly  and  better  by  some  non-mathematical  method. 
I  must  say,  however,  I  have  had  several  men  with  me  who  have 
been  of  the  greatest  help  to  me  by  being  able  to  use  freely  the 
mathematics  favored  by  Dr.  Steinmetz. 

May  I  ask  Mr.  Diamant  just  where  is  a  good  place  to  apply 
this  mathematical  method? 

John  B.  Whitehead:  I  want  to  ask  Professor  Gray  what  is 
his  explanation  and  justification  of  the  original  vector  diagram. 
How  can  he  give  the  vector  diagram  to  a  student,  without  taking 
it  back  somewhere  to  a  mathematical  expression,  and  if  to  a 
mathematical  expression,  why  not  to  the  polar  diagram?  I  take 
it  that  he  will  agree  with  me  that  there  is  no  justification  for 
the  crank  diagram.  Therefore,  I  think  this  paper  should  be  of 
some  interest  to  those  of  us  who  have  to  teach. 
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I  do  not  suppose  Mr.  Diamant  will  claim  that  this  paper 
should  be  used  by  the  work-a-day  engineer.  In  fact  I  question 
whether  Dr.  Steinmetz,  although  he  has  taken  his  own  method 
so  far  into  the  range  of  application,  would  maintain  that  to  be 
its  end  and  object.  The  great  debt  we  owe  to  Dr.  Steinmetz  is 
for  having  developed  a  method  which  is  so  universally  applicable 
in  the  teaching  of  principles.  I  do  not  agree  that  the  exponential 
expression  is  the  proper  one  for  the  fundamental  instruction,  and 
I  think  the  polar  diagram,  taking  its  origin  from  the  exponential 
expression,  and  the  method  of  division  into  two  components,  is 
the  most  valuable.  The  method  of  Dr.  Steinmete  in  the  division 
into  two  components  seems  to  me  to  fail  at  the  problem  of 
power  expression — the  product  of  two  vectors.  The  present 
paper  offers  something  to  fill  this  vacancy,  and  hence  merits 
attention. 

E.  H.  Colpitts:  Referring  to  Professor  Gray's  question  in- 
quiring as  to  the  usefulness  of  Dr.  Steinmetz's  mathematics,  I 
feel  safe  in  saying  that  the  telephone  engineer  at  least  finds  these 
methods  of  very  substantial  value  in  handling  many  problems. 

N.  S.  Diamant:  I  think  the  general  trend  of  remarks  was 
about  complex  quantities  in  general,  rather  than  the  particular 
method  given  in  the  paper  and  showed  a  little  prejudice  in  con- 
nection with  the  question.  Probably  this  is  mainly  due  to  the 
fact  that  some  persons  want  to  use  nothing  but  complex  quan- 
tities, while  a  great  many  others  will  have  nothing  to  do  with 
them. 

In  regard  to  the  question  raised  as  to  the  usefulness  of  mathe- 
matics I  think  we  must  recognize  that  mathematics  in  engineer- 
ing is  very  useful  as  a  tool.  I  could  give  actual  examples  where 
great  advance  has  been  made  by  the  use  of  mathematics,  and 
very  wonderful  scientific  and  practical  work  has  been  produced 
by  the  use  of  it.  After  all,  as  I  say,  I  am  not  here  to  defend 
mathematics.  I  think  the  trouble  comes  in  when  we  use  too 
much,  or  try  to  cover  up  our  ignorance  by  the  use  of  mathematics, 
and  that  is  done  quite  often;  you  will  find  it  in  many  so-called 
text-books. 

E.  E.  F.  Creighton:  I  asked  what  your  particular  method 
of  mathematics  is,  how  you  could  apply  it,  in.  what  particular 
way  could  you  apply  it. 

N.  S.  Diamant:  I  have  indicated  that  in  the  summary  of 
the  paper.  However,  as  it  has  been  brought  out  by  Prof.  Gray 
— the  choice  of  method  depends  considerably  upon  the  type  of 
mind.  Some  persons  like  one  method,  and  some  persons  like 
another;  one  is  just  as  good  as  the  other. 

Another  point  of  interest  that  Prof .  Gray  brought  up  was  that 
the  student,  when  he  is  working  with  complex  quantities,  is  not 
entirely  satisfied,  and  does  not  well  understand  the 
problem  until  he  has  translated  it  graphically  by  means  of  a 
vector  diagram.  In  that  connection  I  would  like  to  add  that  the 
advantage  of  my  method  is  that  it  is  a  better  mathematical 
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shorthand  by  means  of  which  to  visualize  vector  relationships. 
This  is  not  easy  to  do  in  complicated  vector  diagrams,  when  you 
have  to  deal  with  the  components;  when  for  example,  we  have 
«  +  J  «  equal  to  E,  or  similar  expressions.  It  is  easier  to  visualize 
the  different  phase  relationships  if  the  method  described  in  the 
paper  be  used,  rather  than  the  ordinary  method.  For  example, 
in  a  certain  case,  one  hundred  volts,  making  45  deg.  with  the 
horizontal  axis  will  be  represented  as  141  j*,    instead  of  100 

+  iioo. 

The  question  was  brought  up  by  Dr.  Whitehead  in  regard  to 
double-frequency  quantities.  Really,  that  does  not  come  en- 
tirely within  the  scope  of  this  paper.  I  would  like  to  take  that 
up  in  detail  with  Prof.  Whitehead,  but  here  I  ^ay  say  that  per- 
sonally I  think  that  double  frequency  is  an  unnecessary  com- 
plication. It  was  introduced  by  someone  who  was  interested 
in  it,  and  I  think  it  leads  into  rather  imscientific  inconsistencies, 
and  I  do  not  think  it  has  any  importance. 

John  B.  Whitehead:  Perhaps  I  have  used  an  unfortunate 
expression  in  the  words  * 'double  frequency".  Certainly  I  have 
not  made  myself  understood  by  Mr.  Diamant.  I  simply  refer 
to  the  fact  that  it  was  not  meant  to  include  what  is  usually 
called  the  double-frequency  quantity,  which  is  treated  by  Mr. 
Diamant,  at  some  length. 

N.  S.  Diamant:  In  answering  I  may  say  that  some  persons  start 
with  vector  quantities,  and  use  these  exclusively  and  suppress  the 
use  of  instantaneous  values.  But  the  scientific  definition  of  power 
is  the  one  given  in  the  paper  involving  instantaneous  values,  where 
the  mean  power  is  obtained  by  integrating  or  summing  up  the 
instantaneous  power  over  a  half  cycle.  This  does  not  lead  into 
the  difficulties  of  changing  the  sign,  and  dropping  out  the  im- 
aginary portion  of  the  product  into  which  one  is  led  when  he  uses 
vectors  entirely.  This  vector  definition  of  power  leads  into  what 
we  might  consider  a  quaternion,  that  is,  a  quantity  made  up  of 
scalar  and  vector  components;  but  power  itself  is  a  kind  of 
scalar  quantity  since  it  is  fixed  when  its  magnitude  and  sign — 
whether  positive  or  negative — are  given,  and  it  requires  no 
additional  information  as  to  its  direction,  as  the  true  non- 
localized  vectors  of  vector  analysis  do.  The  double-frequency 
idea  is  designed  to  get  around  this  difficulty,  and  in  a  way  gives 
physical  explanation  of  it,  but  I  think  it  is  unnecessary,  and  a 
round-about  step  tg  take. 
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A    DISTRIBUTION    SYSTEM    FOR    DOMESTIC    POWER 

SERVICE  FROM  COMMERCIAL  AND  ENGINEERING 

STANDPOINTS 


BY  CARL  H.  HOGE  AND  EDGAR  R.  PERRY 


Abstract  of  Paper 
The  adoption  of  electric  heating  and  cooking  has  be^un  to 
reach  such  laree  proportions  that  the  average  distribution 
system  is  unable  to  take  care  of  the  increased  load.  As  the 
domestic  power  load  in  all  probability  will  increase  until  every 
house  is  electrically  equipped,  this  paper  has  endeavored  to  lay 
outa  distribution  system  to  take  care  of  this  class  of  business  and 
to  estimate  the  revenue  to  be  derived  from  it.  Units  of  load, 
consumption  and  revenue  were  taken  from  tests  conducted 
in  different  parts  of  the  city  and  app|lied  to  a  definite  section  of 
the  city  thought  to  be  representative,  as  it  contained  every 
class  of  house,  with  schools,  churches,  etc.  In  view  of  the 
results  obtained,  it  would  seem  that  this  business  would  be 
profitable  at  a  still  lower  rate,  and  that  it  would  be  advisable  for 
the  central  station  man  to  make  provision  for  this  increased 
load  when  rebuilding  any  lines  in  the  future. 


DOMESTIC  power  is  so  rapidly  attaining  large  proportions 
in  the  central  station  business  that  present  distributing 
systems  and  practises  are  quite  inadequate,  and  it  is  daily  be- 
coming more  imperative  to  revise  our  methods  to  include  this 
class  of  service.  By  domestic  power  we  mean  all  the  electricity 
that  is  used  in  the  home,  and  have  classed  it  thus: 

Lighting,  including  ironing,  washing  machines,  small  motors 
and  appliances  of  all  sorts,  excepting  those  used  in  preparing 
meals. 

Cooking,  including  toasters,  chafing  dishes,  etc. 

Heating,  all  current  consumed  in  keeping  the  house  at  a  habit- 
able temperature. 

Hot  water  heating  for  such  water  as  is  consumed  in  the  house- 
hold. 

The  past  few  years  have  brought  such  rapid  advances  in  the 
perfection  of  cooking  and  heating  appliances  that  our  distri- 
bution systems  are  beginning  to  groan  under  the  load,  having 
been  designed  to  provide  amply  for  illumination  only.  The 
downward  trend  of  rates,  such  as  Seattle  has  experienced,  has 
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done  much  to  popularize  the  use  of  electric  current  for  all  pur- 
poses, and  the  central  station  man  is  becoming  more  concerned 
about  the  return  from  this  class  of  business.  Hence,  we  have 
prepared  herewith  a  preliminary  analysis  of  the  ultimate  con- 
ditions in  five,  or  ten,  or  twenty  years,  when  every  house  will 
be  electrically  equipped  with  light,  cooking,  heat  and  water 
heating,  and  have  designed  such  a  distribution  system  as  would 
be  required,  keeping  in  mind  the  commercial  aspects  of  the 
situation. 

In  order  to  arrive  at  definite  ends  we  have  made  numerous 
assumptions  of  conditions,  which  are  based  on  the  most  advanced 
knowledge  of  the  present  time,  and  from  these  have  projected 
our  hypothesis.  A  definite  section  of  one  of  Seattle's  leading 
residence  districts  was  selected  and  from  a  thorough  canvass 
each  house  was  assigned  to  a  class  representative  of  its  size  and 
electrical  consumption,  as  shown  on  the  accompanying  map, 
the  key  for  which  is  given  in  Table  I. 

This  district  is  known  as  Capitol  Hill  and  is  very  representa- 
tive as  it  includes  houses  of  every  type,  with  schools,  stores, 
etc.,  and  might  be  used  as  a  "  unit  "  in  estimating  similar  con- 
ditions for  a  city.  We  have  also  assumed  that  all  construction 
must  comply  with  the  State  Law  and  City  Ordinances  governing 
oveijiead  lines,  and  that  the  rights  of  other  public  service  com- 
panies must  be  observed,  and  further  that  all  apparatus,  wire 
and  materials  shall  be  such  as  are  now  considered  as  standard. 
Our  assumptions  also  provide  that  no  further  houses  are  to  be 
built  in  this  district  and  that  property  now  vacant  will  be  util- 
ized for  park  purposes,  so  as  to  require  no  electrical  energy. 

During  th^  past  two  years,  we  have  conducted  a  series  of 
tests  on  cooking  and  heating  loads,  the  results  of  which  have 
been  indicative  but  not  conclusive.  Certain  constants  and 
factors  have  been  determined,  however,  upon  which  we  can  base 
our  computations.    These  factors  are  fully  defined  in  Table  II. 

For  the  lighting  we  have  taken  a  group  maximum  demand 
factor  of  25  per  cent  as  indicated  by  a  check  of  conditions  in 
this  district;  cooking  has  a  demand  factor  of  about  19  per  cent; 
heating  will  average  50  per  cent,  while  hot  water  heating  as 
used  here  is  a  full  100  per  cent.  It  is  well  to  remember  that  these 
factors  will  vary  materially  with  the  kind  of  people  who  use  the 
service  and  their  daily  habits,  hence  conditions  obtaining  in- 
Seattle  may  differ  materially  from  those  in  other  cities.  In 
the  cooking  tests,  fifteen  ranges  in  different  parts  of  the  city  were 
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selected,  and  by  means  of  recording  meters  the  characteristics 
of  the  load  were  determined.  The  heating  tests  included  fifteen 
consumers  who  used  all  types  of  heating  apparatus.  From  these 
sources  then  the  data  of  Table  III  were  selected,  being  the  units 
of  load,  consumption  and  revenue  assigned  to  each  class  of 
house.  The  rates  applying  to  this  business  are  quoted  in  Table 
VI.    Having  chosen  suitable  units,  they  were  applied  to  the  dis- 

TABLE   II 
Definitions 

Connected  Load  =  Sum  of  the  rated  loads 

Maximum  of  the  resultant    curve 

^  »*     •  T-k  J  »     4.  combining  all  the  individual  max's. 

Group  Maximum  Demand  Factor  =  =____ ____ — _ 

Connected  load 

Individual  Maximum  Demand  Factor  =  Individual  max  demand 

Connected  load 

r^  T-k    1     T      J  w     i.  Total  kw-hr.  consumed  per  day 

Group  Daily  Load  Factor  =  — 7^ ,   ^  ^, — - 

Group  max.  demand  X  24 

Peak  Demand  Factor  ■  Per  cent  of  the  group  maximum  demand  that 
occurs  during  the  system  peak  between  5:30  p.m. 
and  6:30  p.m. 

Tj'-j     li^M    T      Jt>    J.         Kw-hr.  cDnsumed  per  day 

Individual  Daily  Load  Factor  -  — =-= .,    ^^^ — ^ 

Max.  demand  x  24 

Peak  Max.  Demand  =  Group  max.  demand  X  peak  demand  factor 

.  _  Arithmetical  sum  of  all  the  individual  maximums 

^  ""  Maximum  of  the  resultant  curve  combining  all  the 

individual  maximums. 

The  term  "group"  is  here  used  toindicateall  the  appliances  of  one  class, 
such  as  "water  heaters."  or  "cooking,"  that  occur  in  the  district  under 
discussion. 

Lt.       =  Lighting,  etc. 

Ck,      =»  Cooking,  etc. 

Ht.      -  Heating 

W.H.  -  Water  Heating 


trict  outlined  and  the  totals  for  this  district  computed,  as  in 
Table  IV. 

In  order  to  properly  design  a  distribution  system  to  take  care 
of  heavy  loads  of  this  kind,  it  is  necessary  first  to  combine  them 
into  units;  second,  to  determine  the  connected  load  in  each  unit 
from  which  the  unit  maximum  demand  can  be  figured  using  the 
group  maximum  demand  factor;  and  third,  to  design  a  feeder 
system  to  ts^ke  care  of  the  load.    For  example,  we  find  that  in 
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TABLE   III. 
Unit  of  Load,  Consumption  and  Revenue 


Connected  load 

Kw-hr.  per  mo. 

Dollars  per  mo. 

No. 

in 

lew. 

Lt. 

Ck. 

Ht. 

W.H. 

Lt. 

Ck. 

Ht. 

W.H. 

Lt. 

Ck. 

Ht. 

W.H. 

B 

17 

3 

8 

30 

.1.0 

70 

300 

2130 

720 

3.00 

6.00 

16.0 

3.60 

C 

321 

2 

6 

20 

0.8 

$0 

224 

1332 

576 

1.65 

5.00 

10.0 

2.80 

D 

210 

1.5 

5 

15 

0.6 

20 

106 

1000 

432 

1.10 

3.00 

7.6 

2.10 

B 

57 

1.0 

5 

5 

0.6 

13 

94 

667 

360 

.70 

3.00 

5.0 

1.75 

Apt. 

145 

1.0 

6 

5 

0.6 

25 

166 

667 

360 

1.40 

4.00 

5.0 

1.76 

Sch. 

1 

6.0 

20 

60 

6.0 

172 

1000 

13320 

3600 

6.00 

20.00 

100.0 

17.60 

Ch. 

3 

6.0 

6 

30 

0.6 

172 

250 

8000 

360 

6.00 

5.00 

60.0 

1.76 

St. 

16 

3.0 

— 

10 

0.6 

170 

— 

2670 

360 

6.10 

— 

20.0 

1.75 

F.H. 

1 

3.0 

""" 

20 

1.0 

170 

— 

1332 

720 

5.10 

""" 

10.0 

3.60 

TABLE   IV. 

Totals  for  "District 

Load,  Consumption  and  Revenue 


Connected  load  in 

kw. 

Kw-hr.  per  month 

Lt. 

Ck. 

Ht. 

W.H. 

Lt. 

Ck. 

Ht. 

W.H. 

B 

61 

136 

610 

17.0 

1190 

6100 

36200 

12240 

C 

642 

1926 

6420 

256.8 

9630 

71904 

428000 

184896 

D 

315 

1050 

3150 

126.0 

4200 

22260 

210000 

90720 

B 

57 

285 

285 

28.5 

741 

5368 

38000 

*  20620 

Apt. 

146 

726 

726 

72.5 

3625 

24070 

96700 

52200 

Sch. 

5 

20 

60 

6.0 

172 

1000 

13320 

3600 

Ch. 

15 

18 

90 

1.5 

616 

750 

24000 

1080 

St. 

48 

— 

160 

8.0 

2720 

— 

42700 

5760 

P.H. 
Total 

3 

— 

20 

1.0 

170 

— 

1332 

720 

1281 

1160 

11410 

516.3 

22964 

130442 

890252 

371736 

Dollars  p< 

•r  month 

Dollars  i 

>er  year 

Lt. 

Ck. 

Ht. 

W.H. 

Lt. 

Ck. 

Ht. 

W.H. 

B 

61.00 

102 

272 

59.60 

612 

1224 

3264 

714 

C 

629.66 

1605 

3210 

898.80 

6356 

19260 

38520 

10786 

D 

231.00 

630 

1575 

441.00 

2772 

7560 

18900 

5292 

B 

39.90 

171 

285 

99.76 

479 

2062 

3420 

1197 

Apt. 

203.00 

580 

725 

263.75 

2436 

6960 

8700 

3046 

Sch. 

5.00 

20 

100 

17.60 

60 

240 

1200 

210 

Ch. 

15.00 

16 

180 

5.25 

180 

180 

2160 

63 

St. 

81.60 

— 

320 

28.00 

979 

— 

3840 

336 

P.H. 
Total 

5.10 

— 

10 

3.60 

61 

— 

120 

42 

1161.25 

3123 

6677 

1807.05 

13935 

37476 

80124 

DiQitized 
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block  No.  1  there  are  14  class  C  houses  and  12  class  D  houses 
having  a  connected  load  of  46  kw.  in  light,  460  kw.  in  heat, 
144  kw.  in  cooking,  and  18.4  kw.  in  hot  water  heating,  a  total 
of  668.4  kw.  Using  the  group  maximum  demand  factors  as 
shown  in  Table  V,  we  have  11.5  kw.  in  light,  27.8  kw.  in  cooking, 
230  kw.  in  heat  and  18.4  kw.  in  water  heating,  making  a  total 
of  287.7  kw.  for  the  maximum  demand  of  this  unit.  Proceeding 
similarly  with  blocks  5,  9  and  13,  we  find  unit  maximum  demands 
of  310  kw.,  273  kw.  and  234  kw.  respectively. 

After  covering  the  entire  distnct  in  this  manner,  it  seemed 


TABLE  v. 
Load  Characteristics  and  Revenue 


Aver. 

Conn. 

Group 

Group 

Max. 

Peak 

Diver- 

Group 

daily 

load 

max. 

daily 

dem.    on 

dem. 

sity 

load 

kw. 

dem. 

load 

peak 

factor 

factor 

dem. 

kw. 

factor 

factor 

Lt. 

1281 

25.00% 

10.0% 

320. 

100.0 

1.0 

320 

32 

Ck. 

4160 

19.34% 

22.5% 

804. 

100.0 

2.5 

805 

181 

Ht. 

11410 

60.00% 

21.7% 

5705. 

100.00 

1.5 

5705 

1238 

W.H. 

516 

100.00% 

100.    % 

516. 

100.00 

1.0 

«16 

516 

Total 

17367 

38.6 

29.4 

7325. 

1966 

Average  kw-hr.  per 

Dollars  per 

Av.  rate 

Av.  rate 

year 

per  kw-hr. 

per  kw-yr. 

Day 

Month 

Year 

Lt. 

765 

22964 

276568 

13935 

5.06c 

S43.50 

Ck. 

4348 

130442 

1563304 

37476 

2.40c 

46.50 

Ht. 

29675 

890252 

10683024 

80124 

0.75c 

14.00 

W.H. 
Total 

12391 

371736 

4460832 

21685 

0.48c 

42.00 

47179 

1415394 

16984728 

15322 

SO 

0.902 

10.90 

advisable  to  install  a  feeder  from  a  centrally  located  substation 
for  each  1000  kw.  or  thereabouts,  which  is  the  case  in  blocks 
1,  5,  9  and  13.  We  find  that  in  order  to  properly  distribute 
1000  kw.  at  2300  volts,  a  three-phase,  4/0  feeder  would  be  the 
most  efficient,  on  account  of  initial  cost,  voltage  regulation, 
carrying  capacity  of  the  wire  and  economy  of  space  on  the  poles. 
We  propose  to  maintain  a  constant  voltage  at  the  center  of  load 
on  each  feeder,  and  if  necessary,  to  install  transformers  with 
variable  taps  to  give  the  same  voltage  over  the  entire  secondary. 
The  load  being  essentially  single  phase  will  necessitate  instal- 
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ling  single-phase  regulators  on  each  circuit  at  the  substation. 
As  all  standard  apparatus  for  domestic  use  is  built  for  110  volts 
to  120  volts,  we  will  string  a  1/0  neutral  over  the  entire  system, 
which  will  give  120  volts  between  this  wire  and  any  outside 
leg  of  the  three-phase,  207-volt  secondary  bus,  and  will  provide 
a  ground  for  the  transformers.  The  secondary  bus  will  be  a 
500,000-cir.  mil  cable,  except  in  cases  where  the  load  is  con- 
centrated at  the  transformer.  We  propose  to  install  trans- 
formers either  in  single-phase  units  or  in  one  three-phase  unit 
as  near  as  possible  to  the  center  of  load  in  each  block  or  group 
of  blocks,  depending  upon  the  load.  On  the  accompanying  map 
we  have  shown  the  distribution  as  outlined  above,  including 
transformers. 

TABLE  VI. 
Rates  for  Domestic  Service 
Lighting  and  Cooking: 

Electricity  for  these  two  purposes  is  sold  through  one  meter,  at  the 
following  rates: 

First  45  kw-hr.  per  month  @  5§  cents  per  kw-hr. 
All  over  45  kw-hr.  per  month  @  2  cents  per  kw-hr. 
Minimum  charge  50^ cents   per  month. 
Heating', 

Rate:   1  cent  per  kw-hr.  unrestricted,  or  f  cents  per  kw-hr.  if  used  off 
peak.    Minimum  $12.00  per  h.p.  per  year. 
Peak  hours  are  from  4:30  p.m.  to  7:00  p.m.  in  winter  and  5:30  p.m. 

to  7:00  p.m.  in  summer. 
All  service  has  been  figured  at  \  cents  per  kw-hr. 
Water  Heating: 

Rate:   Plat  charge  of  $3.50  per  kilowatt-month. 
'  Heater  to  run  continuously. 

In  order  to  determine  a  reasonable  cost  for  this  system,  we 
have  assumed  prices  of  material  and  transformers  that  were 
current  prior  to  the  present  war  prices  and  have  arrived  at  a 
total  figure  of  $111,400.00.  This  includes  all  local  distribution 
outside  of  the  substation,  services  and  meters. 

In  Table  V  the  revenue  from  the  business  as  outlined  has  been 
computed,  making  a  gross  of  $153,220.00  per  year.  The  kilo- 
watt-hours total  up  to  16,984,728  per  year,  and  the  average  rate 
for  all  classes  of  service  is  0.9  cents.  The  average  return  is  $20.90 
per  kilowatt-year. 

In  concluding,  we  believe  that  the  development  of  domestic 
power  will  necessitate  the  complete  reconstruction  of  existing 
lines.  New  substations  w411  have  to  be  built  for  each  10,000  kw. 
of  load  and  located  approximately  at  the  center  of  the  district 
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served.  The  heavy  load  in  this  service  will  require  three-phase 
distribution,  which  will  also  take  care  of  small  power  loads. 
We  believe  that  domestic  power  can  be  developed  into  a  prof- 
itable part  of  the  central  station  business,  and  sold  at  a  price 
that  will  be  attractive  to  the  consumer.  The  present  rate 
schedules,  which  necessitate  two  meters  and  a  flat  cut-in  for 
this  business,  are  not  satisfactory  and  a  new  basis  for  charge 
must  be  developed  that  will  utilize  a  simple,  inexpensive  meter 
and  can  readily  be  understood  by  the  layman.  With  increasing 
volume  of  business,  the  rates  can  be  lowered  materially  below 
those  quoted  herein,  and  still  yield  an  adequate  return.  It  is 
up  to  the  central  stations  to  make  an  intensive  campaign  for 
domestic  power  service,  for  this  is  the  solution  of  the  problem 
of  profitably  serving  residence  business. 
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Discussion  on  *'A  Distribution  System  for  Domestic  Power 
Service  from  Commercial  and  Engineering  Stand- 
points" (HoGE  AND  Perry),  Seattle,  Wash.,  Sept.,  5, 
1916. 

D.  F.  Henderson:  In  Table  III  the  paper  gives  the  consump- 
tion per  month  for  the  heating  installation,  as  1332kw-hr.  I 
would  like  to  ask  the  author  how  that  figure  is  computed. 
Is  it  taken  from  actual  experience  ?  I  have  been  heating  my 
own  residence  this  past  winter  electrically,  and  have  installed  a 
maximtmi  demand  very  similar  to  his.  I  have  a  demand  of  21 
kw.,  but  the  kw-hr.  consumption  is  almost  ten  times  what  is 
given  in  this  figure.  Of  course  our  climate  in  Spokane  is  some- 
what more  severe  than  it  is  here,  but  it  seems  to  me  there  should 
not  be  such  a  great  difference  in  the  kw-hr.  constunption. 

E.  R.  Perry:  I  think,  Mr.  Henderson,  that  that  figure  is  sort 
of  an  average  that  we  found  around  here  with  our  climatic 
conditions.  Of  course  you  realize  here  that  the  people  only  use 
their  heating  equipment  about  six  months  out  of  the  year. 

D.  F.  Henderson:    That  is  based  on  a  six  months*  period? 

E.  R.  Perry:  It  is  an  average  for  the  twelve  months;  that 
is  the  total  for  the  year  divided  by  twelve  months.  You  say 
that  you  have  about  ten  times  that  much  in  a  year? 

D.  F.  Henderson:     Yes,  during  the  severe  winter  months. 

E.  R.  Perry:  Per  month  you  have  about  that  much  you  say? 
If  you  add  up  the  total  amount  of  current  you  use  dxuing  the 
year  and  divide  it  by  twelve  ? 

D.  F.  Henderson:     It  would  reduce  it  very  materially. 

E.  R.  Perry:  And  the  difference  in  temperature  between 
Seattle  and  Spokane  is  very  great. 

J.  B.  Fisken:  I  believe  that  the  idea  is  to  run  out  single- 
phase  feeders  from  the  substation.  That  was  our  practise  up 
to  within  the  last  year  or  two  and  then  when  times  got  hard  and 
expenses  were  going  up  and  income  was  going  down,  we  skir- 
mished around  to  find  some  way  of  serving  the  same  load  a 
cheaper  way.  We  converted  our  single-phase  feeders  into  three- 
phase  feeders;  our  cables  were  six-conductor  cables  and  formerly 
contained  three  single-phase  feeders.  We  converted  those  into 
one  three-phase  feeder  with  a  neutral  wire,  installing  the  single- 
phase  regulators  on  each  leg.  Each  leg  was  controlled  by  a  single- 
pole  automatic  switch  so  that  trouble  on  any  of  the  three-phases 
did  not  affect  the  other  two.  We  have  found  that  worked  out  very 
satisfactorily  and  I  would  like  to  ask  the  author  whether,  in  his 
figures  as  to  costs,  he  figured  on  three  single-phase  feeders  or  one 
three-phase  feeder  with  a  neutral  brought  back  ? 

The  other  point  that  occurred  to  me  was  whether  or  not  the 
secondary  was  one  interconnected  system?  Of  course,  in  d-c. 
work,  we  find  it  is  economical  to  connect  the  mains  together 
everywhere,  and  it  should  be  done  the  same  way  in  a-c,  work, 
but  just  how  it  is  to  be  done,  I  don't  know.  There  are  two  ways 
I  have  heard  of,  although  I  have  had  no  practical  experience  and 
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I  woiild  like  to  ask  for  the  practical  experience  from  those  who 
have  had  it.  "•One  is  to  introduce  fuses  between  the  secondary 
districts  so  that  the  trouble  in  one  will  take  care  of  itself  afid  not 
interfere  with  the  others.  And  the  other  method  is  to  introduce 
reactance  so  high  that  a  short  circuit  on  one  section,  which  might 
blow  the  fuses  in  the  transformer  and  stay  on,  would  not  over 
load  the  neighboring  districts  materially.  Of  course,  they  would 
be  overloaded  to  some  extent,  but  the  voltage  drop  through  the 
reactance  would  be  such  that  the  neighboring  districts  would  be 
fully  maintained  and  fairly  satisfactory  service  rendered  until  the 
trouble  could  be  removed. 

E.  R.  Perry:  I  believe,  Mr.  Fisken,  that  your  idea,  or  the 
system  which  you  describe,  the  three-phase  system  with  a  return 
neutral,  is  the  one  we  have  here.  We  have  in  mind  a  single 
regulator  on  each  phase;  it  will  not  be  necessary  in  this  case 
to  have  a  single-pole  switch  because  there  will  be  three-phase 
distribution  down  each  street  or  alley,  as  it  were.  We  will  not 
take  the  single  phase  off  the  three  phase  at  any  place,  or  run  a 
separate  feeder  line  with  bus  line,  single  phase.  All  bus  lines 
will  be  three  phase  and  the  secondaries  will  be  three  phase,  and 
will  extend  over  districts  of  approximately  one  block,  or  one  unit 
as  we  have  determined  here;  in  some  cases  a  little  over  a  block, 
depending  on  the  load.  There  is  a  transformer  for  each  block, 
each  transformer  with  its  own  secondary  circuit  about  one  block 
long;  the  secondaries  not  inter-connected. 

M.  T.  Crawford :  The  plan  of  the  distribution  system  outlined  in 
this  paper  is  most  economical  in  first  cost,  but  it  has  the  disad- 
vantage of  not  being  easily  installed  from  time  to  time  as  business 
grows.  The  complete  domestic  electrical  installation,  anticipa- 
ted here,  will  only  be  gained  one  unit  at  a  time,  and  will  be  many 
years  in  coming.  The  trend  of  distribution  systems  in  the  better 
city  districts,  is  toward  underground  construction.  A  4000-volt 
three-phase  four-wire  distribution  system  using  2200-volt  stand- 
ard transformers  between  the  outside  wires  and  the  neutral 
would  permit  the  use  of  about  one  third  of  the  primary  copper 
specified  in  this  paper.  A  small  transformer  vault  installed  ad- 
jacent to  the  basement  wall  of  each  residence,  would  permit  ser- 
vice wires  of  approximately  No.  12  copper,  which  would  be  duplex 
cable  and  in  an  iron  pipe.  This  would  take  2200-volt  power 
direct  to  the  consumer's  house,  and  make  the  short  service  leads 
between  the  main  switch  and  this  transformer  vault,  the  only 
heavy  copper  necessary.  This  system  would  cost  more,  prin- 
cipally because  of  the  larger  transformer  capacity  neces- 
sary, it  being  impossible  to  utiUze  the  diversity  factor  of  the 
various  consumers'  installations.  In  practise,  some  way  of 
overcoming  this  difficulty  could  be  devised,  as  by  feeding 
several  houses  close  together  from  one  transformer  vault,  or  put- 
ting in  secondary  tie  connections.  One  consimier  could  be  taken 
at  any  time  on  any  part  of  the  system,  and  this  method  of  in- 
stallation could  be  put  in  for  that  consumer;  and  as  more  are  ob- 
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tained  the  same  scheme  followed  until  eventually,  when  the  com- 
plete electrification  mentioned  is  obtained  the  mains  could 
be  put  under  ground,  if  desirable,  at  a  reasonably  small  addi- 
tional cost;  that  is,  little  of  the  existing  equipment  wotdd  have  to 
be  changed.  That  is  simply  my  idea  of  what  would  be  the  best 
service,  even  though  at  a  higher  total  cost,  and  it  wotdd  certainly 
meet  with  more  favor  from  the  people.  The  size  of  copper  on  the 
lines  and  in  the  service  wires,  as  mentioned  in  this  paper,  would 
make  such  heavy  wires  as  to  detract  somewhat  from  the  appear- 
ance of  a  strictly  first  class  residence  district. 

F.  D.  Weber:  The  author  has  a  demand  factor  of  about  19 
per  cent  for  heating.  I  would  like  to  ask  if  any  demand  factor 
has  been  computed  for  residences,  apartments  and  the  various 
classes  of  cooking.  In  Portland  we  have  been  very  much  inter- 
ested in  knowing  what  size  feeders  should  be  supplied  for  group 
cooking,  such  as  apartment  houses. 

E.  R.  Perry:    We  have  no  information  upon  that,  Mr.  Weber. 

C.  R.  CoUiiis:  It  is  rath^  difficult  to  appreciate  the  magin- 
tude  of  this  proposed  heating  load.  You  will  notice  in  Table  I, 
nearly  every  block  shows  a  load  of  250  or  300  kw.  The  present 
density  of  load  in  the  down  town  district  of  Seattle  averages  150 
kw.  per  block.  The  proposed  distribution  system  for  residence 
districts  must  take  care  of  at  least  twice  the  kw.  load  per  block 
that  we  now  have  in  our  most  densely  settled  business  district. 
The  author  calls  our  attention  to  the  fact  that  we  will  have  diffi- 
culty with  our  distribution  system.  It  is  also  interesting  to  con- 
sider the  increased  demand  on  our  generating  eqviipment.  I  have 
taken  the  figures  given  in  this  paper  and  secured  the  average  kw. 
requirement  per  customer,  which  is  about  eight  kw.  In  Seattle 
we  have  probably  50,000  consumers  such  as  would  come  tmder 
the  description  given  in  Table  I,  400,000  kw.  would  therefore  be 
required  to  supply  our  residence  districts.  At  the  present  time 
it  requires  not  more  than  25,000  kw.  to  supply  the  residence  load. 

Tlus  means  increasing  our  present  residence  load  sixteen  times. 
It  is  also  interesting  to  note  that  when  we  do  increase  our  present 
load  by  that  amount,  that  load  is  going  to  determine  our  peak 
and  all  other  loads  will  be  incidental. 

In  Table  V,  in  the  lower  right-hand  comer  are  given  the  re- 
turns for  a  kw-yr.  You  will  note  the  return  for  theheating,  figured 
at  J  of  a  cent  per  kw-hr.,  is  $14  per  kw-yr.,  and  you  will  also 
note  that  the  kw-hr.  consumption  for  heating  is  approximately 
65  per  cent  of  the  total  kw-hr.  consumption  given.  The  only 
chance  of  electric  heating  becoming  commercially  possible  is  that 
it  will  be  possible  to  reduce  very  materially  the  cost  per  kw-yr. 
of  generating  power.  $14.00  per  kw-yr.  is  very  much  below  the 
present  cost. 

W.  D.  Peaslee:  I  am  very  glad  to  see  brought  out,  the  open 
advocation  of  a  one-meter  rate  for  lighting,  cooking  and  heating. 
To  my  mind  that  point  strikes  the  key  of  the  whole  situation. 
The  idea  of  electrical  engineers  being  held  down  at  the  present 
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date,  in  the  present  state  of  our  art  to  having  to  insist  that  every 
time  a  man  wants  to  do  something,  he  has  a  different  rate  put 
on  his  load,  is  something  of  a  joke.  In  the  case  of  the  little  town 
of  CorvalUs,  I  have  some  electric  light  and  cooking  appliances  in 
the  house  for  which  I  have  a  separate  meter ;  if  I  put  in  a  hot  water 
heater,  I  have  another  meter  for  that  or  a  flat  rate,  which  really 
gives  me  three  separate  services  in  that  house,  with  the  attendant 
overhead  expenses  and  clerical  expense  for  the  company  on  each 
of  those  billings. 

Now,  there  are  two  solutions  of  the  rate  as  given  here.  Either 
have  a  very  high  minimum  and  a  low  energy  rate,  which  the  pub- 
lic will  immediately  object  to;  or  take  the  rate  as  given  in  the 
paper,  the  first  45  kw-hr.  per  month  at  5^  cents,  a  minimum 
charge  at  50  cents  per  month  and  the  rest  of  it  at  two  cents  per 
kw-lur.  That  first  45  kw-hr.  is  going  to  make  the  man's  bill  big 
enough  if  he  uses  any  electric  heating  and  cooking  at  all  in  the 
house,  so  that  the  company  will  be  protected.  They  will  get 
their  cost  of  testing  meters  and  their  cost  of  billing  and  all  those 
things  that  go  into  the  beautiful  theoretical  rates  that  are  worked 
up.  At  the  same  time  the  customer  will  have  one  meter  in  his 
house  and  he  can  subtract  the  previous  month's  reading  from 
the  present  reading  and  figure  out  for  himself  what  his  bill  is 
coming  to;  but  you  take  the  class  rates  of  power  companies 
today,  and  he  is  a  better  man  than  some  engineers  if  he  can 
do  it.  I  think  that  one  of  the  biggest  factors  we  are  going  to 
find  in  the  development  of  heating  and  lighting  load  for  electrical 
power,  is  to  have  a  rate  that  protects  the  power  company  by 
having  either  a  high  enough  minimum  to  take  care  of  these  in- 
cidental expenses,  or  have  the  first  block  of  energy  at  a  suffi- 
ciently high  rate  so  that  any  ordinary  consumer  is  going  to  get  a 
big  enough  bill  to  come  up  to  the  point  necessary,  and  then  a 
very  low  energy  charge  for  the  rest  of  it. 

I  know  of  one  location  in  Oregon  where  it  worked  out.  A  man 
is  permitted  to  take  on  a  load  for  heating,  lighting,  cooking  and  hot 
water  and  anything  less  than  a  one-horse  power  motor  at  any  time 
of  the  day  or  night  at  $5  a  month  minimum,  and  one  cent  per  kilo- 
watt hour  energy  charge.  That  is  a  little  drastic  and  it  may  be 
a  $5  minimimi  is  wrong,  but  personally  I  believe  that  s6me  form 
of  rate  of  that  kind  for  the  high  minimum  and  low  energy  con- 
sumption is  going  to  build  up  the  load  until  otir  heating  and  lighting 
load  will  not  be  as  it  is  now,  but  ma}^  ultimately  approach  the 
figure  given  in  this  paper  of  200  or  300  kw.  per  block  in  first-class 
residence  districts.  I  think  that,  the  only  way  the  power  com- 
panies will  be  able  to  build  up  is  to  get  a  rate  of  that  kind. 

F.  D.  Weber:  Near  the  end  of  the  paper  I  note  the  author 
computes  his  gross  income  per  year.  I  wonder  if  anybody  has 
investigated  the  statistics  and  found  out  the  amount  of  money 
an  average  family  both  poor  and  rich  can  spend  per  month  for 
lighting,  heating  and  power.  At  one  time  I  saw  a  statement 
covering  20  years  in  the  lighting  industry,  showing  that  the  an- 
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nual  monthly  bill  has  been  nearly  a  constant  amount.  I  think  it. 
would  be  well  to  investigate  on  the  customer's  side  and  see 
how  much  money  they  will  actually  spend.  If  they  are  using 
gas,  they  spend  so  much  money;  if  they  change  to  electricity  they 
will  spend  a  certain  percentage  more  for  the  added  convenience. 

E.  R.  Perry:  I  think  that  in  selling  electricity  we  sometimes 
lose  sight  of  the  fact  that  we  are  really  selling  a  commodity  just 
like  sugar  in  the  open  market,  and  we  have  to  compete  with  all 
the  other  forms  of  energy  that  people  use  to  reach  the  same  end 
that  we  want  to  sell  our  electricity  for;  and  for  that  reason  it  is 
well  to  think  of  how  much  a  man  in  moderate  circumstances  can 
afford  to  pay  for  the  electric  energy  that  we  want  to  give  him. 
Now  we  might  imagine  a  family  of  three  or  four  living  in  a  house 
of  six  or  seven  rooms,  and  if  he  heats  with  hot  water,  his  heating 
bill  is  going  to  be  somewhere  about  $70  or  $75  a  year,  if  he  is 
economical,  and  his  cooking  bill  for  gas  will  be  something  like 
$35  or  $40  a  year, — cooking  and  hot  water,  possibly.  His  hot 
water  service,  however,  will  be  intermittent  and  he  will  only 
light  up  the  gas  heater  when  he  wants  it,  and  he  will  not  have  hot 
water  all  the  time.  That  I  think  will  total  up  somewhere  in  the 
neighborhood  of  $140  or  $150,  that  he  is  paying  per  year  for 
lighting,  cooking,  heating,  and  hot  water  from  the  different  forms 
of  energy  that  he  gets  now. 

Suppose  he  purchases  electric  energy  according  to  the  way  the 
rates  are  now.  He  would  pay  somewhere  around  $200  on  an 
average  for  the  same  service;  it  is  a  little  bit  difBctdt  at  the  pres- 
ent time  to  make  people  see  the  $50  additional  value  in  the  elec- 
tric service.  Possibly  they  do  not  realize  they  will  only  have  to 
pay  $50  a  year  more  for  an  entire  electric  installation.  This  is  an 
average  case.  Of  course,  some  cases  are  going  to  run  higher  and 
some  lower.  I  do  not  think  the  people  at  the  present  time  are 
educated  up  to  that  point  where  they  would  want  the  electric 
service  with  the  additional  value  in  it  and  the  additional  con- 
venience of  it.  With  the  competition  we  have  in  all  other  forms 
of  energy,  it  is  very  hard  to  sell  electricity  at  the  present  rates, 
and  with  the  handicap  of  installations  already  put  in  for  the  other 
types  of  service.  Now,  if  a  man  is  just  building  a  house  and  he 
could  get  all  these  things  and  it  would  cost  him  only  $50  a  year 
more,  he  would  put  them  in  without  hesitation,  I  believe.  But 
where  he  has  already  tied  his  money  up  in  apparatus  to  use  coal, 
gas  and  so  forth,  it  is  pretty  hard  to  make  him  jtuik  all  that  and 
put  in  the  new  electric  service. 

The  point  about  the  metering  of  the  service  is  one  which  I  feel 
is  very  important  in  the  sale  of  energy  for  domestic  use.  Selling 
electricity  as  we  do  now,  with  two  or  three  or  four  meters,  is 
just  like  selling  sugar  by  the  quart  to  a  man  for  putting  up  fruit, 
and  by  the  pound  for  making  candy.  He  can  not  see  it,  and  the 
quicker  the  central  station  gets  to  the  point  where  they  can  sell 
a  man  so  much  electricity  for  a  certain  price  and  don't  care 
what  he  uses  it  for  and  have  it  taken  care  of  in  the  rates, 
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that  much  quicker  are  we  going  to  get  simplicity  in  accotmting, 
metering  and  in  the  whole  business,  even  down  to  selling  it  to  the 
customer.  The  quicker  people  understand  about  our  electric 
game,  just  that  much  quicker  are  we  going  to  make  strides  in  it. 

E.  G.  Robinson:  I  have  been  considering  the  one-meter  rate 
a  good  deal  and  I  have  come  to  this  conclusion:  That  if  you 
make  your  heating  load  220  volts  instead  of  putting  in  a  three- 
wire  meter, — ^if  we  put  a  straight  220-volt  meter  in,  and  then  tap 
oiu"  lighting  on  the  neutral, — ^run  in  three  wires,  the  two  220 
volts  and  the  neutral,  then  we  can  tap  around  the  two  wires  with 
the  neutral  and  fix  it  so  that  all  our  electrical  appliances  for  heat- 
ing would  be  220-volt.  Then  for  our  lighting,  simply  tap  the 
series  circuit  of  the  meter,  and  that  will  make  our  lighting  current 
register  just  twice  as  fast  as  our  heating  current.  So,  if  we  were 
making  a  heating  rate  at  three  cents  for  a  certain  block,  while 
that  was  being  used,  we  shotild  be  getting  six  cents  on  all  oiu- 
110-volt  socket  appliances  and  we  would  be  getting  three  cents 
out  of  the  straight  220-volt  current,  because  the  current  flowing 
through  the  meter  would  register  at  220,  while  only  being  used 
at  1 10.  I  simplified  our  system  that  way  and  used  but  one  meter 
for  the  man  who  takes  power.  We  tap  a  neutral  arotmd  the 
polyphase  meter  and  let  him  use  current  at  110  volts,  with  all 
appliances  forge  blowers  and  such  as  that.  I  am  quite  in  sym- 
pathy with  simplifying  the  rate,  and  I  believe  that  any  man  who 
is  figuring  on  doing  this  should  simplify  it  as  much  as  possible, 
because  the  average  layman  thinks  that  blocks  of  kilowatts, 
amperes  and  so  forth,  are  intended  and  designed  to  befuddle  him 
as  to  what  he  is  buying.  I  have  not  yet  tried  out  the  110-220- 
volt  scheme  on  heating,  only  on  power,  but  I  hope  to  do  it;  and 
I  beUeve  it  gives  a  complete  solution  of  the  problem  of  one  meter 
with  two  rates. 

By  the  way,  I  would  like  to  ask  that  if  in  this  distributing  system 
where  you  are  going  to  use  one  neutral,  would  that  not  necessi- 
tate the  hooking  up  of  your  transformer  star  instead  of  to  delta  ? 
It  has  been  my  experience  that  90  per  cent  of  our  transformers 
for  distribution  are  delta  connected.  Now  if  you  wire  them  up 
star  and  one  goes  out,  that  puts  that  entire  system  out.  I  would 
like  to  know  how  you  take  care  of  that? 

E.  R.  Perry:  It  has  that  disadvantage,  and  a  protective  de- 
vice would  have  to  be  used. 

E.  G.  Robinson:  In  thinking  that  over  we,  of  course,  think 
you  are  going  to  have  delta  transformers. 

E.  R.  Perry:  It  would  have  to  be  star  to  utilize  the  neutral. 
Nearly  all  our  apparatus  is  110  volts  and  220  volts,  and  it  wotdd 
be  necessary  to  have  both  voltages  in  each  house.  In  order  to 
accommodate  present  wiring  we  would  have  to  have  the  three-wire 
circuit,  as  it  is  called,  in  each  house. 

L.  T.  Merwin:  I  would  like  to  ask  the  author  whether  the 
decision  on  using  four-wire  three-phase  as  against  a  three-wire 
three-phase  connection  is  made  on  the  basis  of  regulation  for 
commercial  economy.  ^  ^ 
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E.  R.  Perry:  I  think,  Mr.  Merwin,  that  we  provided  a  four- 
Mare  delta  connection  in  order  to  accommodate  the  present  type 
of  household  utensils  which  require  110-220  volts.  We  have  a 
star  system  with  three-phase  207  volts  on  the  outside;  that  would 
give  us  120  volts  to  the  neutral. 

H.  W.  Buck:  The  author  spoke  a  few  minutes  ago  about  the 
average  householder  not  being  educated  up  to  the  use  of  certain 
applications  of  electric  power.  I  should  like  to  ask  what  the  exper- 
ience has  been  on  the  Pacific  coast  with  the  average  householder 
in  the  use  of  household  electrical  appliances.  Is  it  necessary  to 
have  an  electrical  engineer  in  each  house  to  satisfactorily  operate 
these  various  devices,  or  do  the  public  as  a  whole  take  hold  of 
them  inteUigently  and  operate  them  efficiently?  It  does  not 
take  much  intelligence  to  turn  on  an  electric  lamp,  but  it  takes 
considerably  more  technical  knowledge  to  operate  an  electric 
washing  machine,  electric  range  and  some  of  the  other  devices 
that  are  now  used. 

E.  R.  Perry:  I  think  that  the  people  who  have  taken  out 
electrical  devices  have  learned  to  use  them  very  intelligently,  and 
the  amount  of  trouble  developing  with  the  diflerent  appliances 
is  very  small.  Once  people  get  interested  in  these  things,  and 
really  appreciate  their  value,  they  seem  to  develop  an  undue 
amount  of  electrical  wisdom.  I  think  that  if  we  can  only  get  to 
the  people  and  get  them  interested,  it  would  be  easy  enough  to 
educate  them. 

The  next  step  in  that  direction  is  the  electrical  equipment  of  all 
of  the  home  economic  departments  of  the  various  schools  and  col- 
leges in  the  country,  and  the  training  of  the  girls  of  the  younger 
generation  to  know  and  use  intelligently  all  forms  of  electrical 
appliances  and  apparatus,  and  to  make  their  own  minor  repairs. 
I  believe  that  the  coming  generation  of  girls  are  going  to  know  a 
great  deal  more  about  electric  household  utensils  than  the  pres- 
ent generation  of  housewives  do.  It  is  only  through  educating 
the  younger  people  that  we  are  going  to  successfully  solve  this 
problem.  The  older  people  do  not  learn  quite  so  readily,  but 
those  who  do,  as  far  as  experience  around  here  is  concerned,  have 
been  able  to  take  up  these  things  and  learn  to  use  them  very 
quickly. 

S.  M.  Kennedy:  The  question  which  you  have  asked  in  refer- 
ence to  the  manner  in  which  the  purchasers  use  apparatus  is  one 
that  is  very  easy  to  answer,  if  you  have  had  much  to  do  with  the 
handling  of  such  appliances.  What  are  called  lamp  socket  ap- 
pliances are  very  readily  handled  and  it  does  not  need  any  en- 
gineer and  requires  very  few  demonstrations  to  teach  the  house- 
wife to  readily  use  any  such  apphances.  Even  the  washing 
machine,  which  is  a  little  more  complicated  to  operate,  practically 
runs  itself  with  a  turn  of  the  switch.  However,  when  you  get 
into  the  broader  field  of  cooking — I  mean  major  cooking, — ^we 
find  that  the  average  housewife  in  Southern  California,  while  she 
is  anxious  to  learn,  does  not  pick  up  quite  as  readily  the  methods 
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of  handling  the  electric  range  and  of  substituting  it  for  whatever 
method  of  cooking  she  has  been  used  to,  heretofore.  In  the  kit- 
chen the  average  housewife  is  a  little  bit  sensitive;  she  has  a 
pride  in  her  work;  and  she  does  not  like  anyone  to  come  in  to 
show  her  how  to  do  her  work.  That  kind  of  education  must  be 
done  very  diplomatically, — the  average  engineer  cannot  do  it  at 
aU.  We  find  that  it  pays  to  have  tactful,  experienced  and  good 
looking  lady-demonstrators,  who  can  follow  up  the  range  instella- 
tions  and  go  from  place  to  place,  and  find  out  first,  whether  the 
lady  who  is  doing  the  cooking  thoroughly  understands  the  method 
of  operation  and  whether  she  is  getting  the  best  that  is  possible 
out  of  the  range  and  for  the  least  amount  of  energy  put  into  it. 
If  she  finds  that  things  are  going  all  right,  the  demonstrator 
tells  her  so.  If,  however,  she  finds  that  they  are  not  going  all 
right,  that  in  some  parts  there  is  too  much  heat  turned  on  when 
it  is  not  required,  and  not  enough  in  other  parts  of  the  stove,  she 
must  be  tactful  and  explain  just  how  the  operation  should  be 
done  in  order  to  get  the  greatest  efficiency.  The  demonstrator 
must  be  educated  and  trained  for  that  particular  kind  of  work, 
so  that  she  not  only  understands  the  stove  and  the  operation  of 
the  stove,  but  she  must  also  tmderstand  human  nature. 

J.  B.  Fisken:  The  average  farmer  of  eastern  Washington  is 
notorious  for  not  taking  care  of  his  appliances, — I  do  not  mean 
electrical  appliances,  I  mean  his  agricultural  appliances, — and  it 
might  be  interesting  to  learn  whether  the  electrical  appliances, 
cooking  and  so  forth,  have  caused  much  trouble.  Mr.  Chrysler 
handles  four  country  towns  and  a  number  of  farmers  and  he  could 
tell  us  what  his  experience  has  been. 

W.  L.  Chrysler:  We  find  less  trouble  with  farmers  taking  care 
of  their  electric  equipment  than  the  consumers  in  town.  These 
farms  are  run  on  a  large  scale  by  combined  harvester  tractor  and 
modem  machinery,  which  makes  the  farmer  a  mechanic  for  he 
has  to  operate  and  keep  up  his  own  equipment.  We  have  a  few 
farmers  on  our  lines  who  have  quite  complete  electric-equipment. 
They  make  their  own  minor  repairs,  while  the  consumer  in  town 
will  call  the  fix-light  department. 

J.  R.  King:  The  point  I  want  to  bring  out  is  the  fact  that  it 
is  becoming  more  and  more  apparent  in  the  development  of 
electric  house  heating,  not  cooking  or  hot  water  heating,  but  to 
heating  the  home,  that  the  ideas  of  the  electrical  engineer,  more 
especially  of  the  man  who  has  charge  of  the  operation  and  the 
control  of  the  delivery  of  power,  have  got  to  be  changed.  That  is, 
he  has  got  to  recognize  new  conditions  coming  in.  For  instance, 
you  will  note  in  Table  V,  that  there  is  a  group  maximum  demand, 
320  kw.  for  light,  805  for  cooking,  5705  for  heating,  and  516  for 
water  heating.  Referring  to  one  of  the  other  tables  the  rate  is 
one  cent  per  kw.  hour  unrestricted  or  J  cents  per  kw.  hour  if 
used  off  peak.  It  appears  to  me  from  this  paper  that  the  factor 
which  produces  the  peak  is  no  longer  lighting,  which  comes  on 
about  half  past  four  to  seven  o'clock.  Power  is  a  more  or  less  off- 
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peak  product  and  cooking  can  be  considered  so  to  a  certain  extent. 
All  the  efforts  have  been  made  to  take  on  this  house  heating  rate 
under  the  same  assumption  and  under  the  same  condition,  that 
the  constuner  will  not  use  it  during  what  is  called  peak.  Now, 
the  great  preponderance  of  energy  is  used  for  heating  and  this 
demand  would  indicate  that  the  time  of  the  peak  has  shifted. 
Therefore,  this  paper  would  point  out  that  in  order  to  estimate 
in  the  future,  demands  for  domestic  service  in  residence  districts, 
it  is  necessary  to  consider  primarily  what  demand  will  be  required 
for  heating;  and  the  lighting,  cooking  and  hot  water  heating 
would  be  incidental  to  that.  In  other  words,  the  determining 
factor  is  no  longer  lighting,  but  it  is  heating.  In  the  Institute 
meetings  and  in  the  National  Electric  Light  Association  meetings 
and  in  other  meetings,  discussion  on  that  has  raged  up  and  down 
and  the  argument  that  heating  was  a  by-product  has  been  ad- 
vanced and  contradicted.  It  appears  to  me,  it  will  be  necessary 
to  figure  very  carefully  in  the  future.  What  is  the  use  of  keep- 
ing off  the  peak,  if  the  heating  itself  establishes  that  peak?  If 
we  keep  the  heating  off  the  peai,  it  will  not  occur  in  the  afternoon 
any  more  than  it  will  occur  at  any  other  time  during  the  day. 
Furthermore,  what  are  you  going  to  do  on  a  cold  winter  day 
when  the  customer  comes  home  and  insists  on  having  his  heat  ? 
If  he  cannot  have  it,  he  comes  right  back  and  asks  why  he  is  not 
entitled  to  have  it?  Those  are  points  that  I  think  must  be  con- 
sidered in  planning  the  installation  of  any  house  heating.  They 
are  points  that  have  arisen  in  connection  with  the  sale  of  energy 
in  Seattle.  They  are  points  that  will  be  raised  as  long  as  house 
heating  is  promoted,  whether  or  not  the  peak  be  shifted  to 
another  time  of  the  day,  and  another  class  of  energy  other  than 
lighting  be  responsible  for  it. 

H.  J.  Gille:  In  the  first  place,  this  heating  rate  was  filed  with 
the  Public  Service  Commission  of  this  state  as  an  experimental 
rate, — simply  a  try-out  proposition.  Second,  the  peak  hours  are 
the  lighting-peak  hours,  which  control  at  this  time  the  distribu- 
tion peak.  It  seems  to  me  that  in  any  discussion  of  the  question 
of  lajring  out  a  prospective  distribution  system  to  take  care  of 
heating  and  other  appliances  in  residences,  it  should  be  impor- 
tant to  know  whether  you  are  talking  of  a  station  peak  or  a 
distribution  peak.  The  residence  peak  as  we  know,  comes  at  a 
different  time  from  the  power  peak,  and  the  power  peak  at  a 
different  time  from  the  commercial  lighting  peak,  but  all  of  the 
restdtant  peaks  establish  a  certain  peak  on  the  station  or  a  gener- 
ation peak.  By  developing  the  electric  heating,  of  course,  the 
generating  station  peak  would  probably  be  transferred  from  the 
point  where  it  is  now,  to  some  other  part  of  the  day. 

C.  R.  Collins:  We  have  conducted  tests  in  connection  with 
electric  heating  and  one  of  our  conclusions  is  that  the  electric 
heating  peak  may  come  at  any  hour  in  the  day;  sometimes  it 
may  be  in  the  morning,  sometimes  in  the  afternoon  and  very 
frequently  you  will  have  a  load  almost  as  large  as  the  peak  about 
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six  or  6:30  p.  m.  So  this  peak  cannot  be  considered  as  some 
other  not  coming  on  the  system  peak,  which  occurs  about.  6K)0 
p.  m. 

Robert  Howes:  In  the  early  days  the  load  on  any  separate 
feeder  was  small  and  scattered  over  considerable  territory  and 
it  seemed  to  be  necessary  to  use  the  low  voltage  of  110  or  220. 
With  the  growth  of  business  and  the  growth  in  power  consump- 
tion by  each  residence,  such  as  is  contemplated  in  this  paper,  the 
question  raised  by  Mr.  Crawford  of  placing  individual  trans- 
formers at  the  residence  and  omitting  the  secondary  distribution 
system,  may  become  one  of  material  importance.  In  the  devel- 
opment of  power  plants,  in  this  district,  at  least,  after  you  have 
reached  a  capacity  of  forty  or  fifty  thousand  kilowatts,  the  cost 
of  generating  power  and  bringing  it  to  the  central  substation  is 
not  varied  so  very  greatly,  although  it  is  to  some  extent,  by  ad- 
ditional capacity.  You  begin  to  reach  a  point  where  the  cost  of 
operation  per  kilowatt  hour  and  the  investment  cost  per  kilowatt 
of  development,  does  not  vary  by  a  very  wide  margin,  although 
it  will  to  some  extent.  It  would  seem  it  might  be  a  decided 
advantage  in  such  a  case  as  described  in  this  paper,  to  omit  the 
secondary  mains  and  simply  use  a  high-potential  distribution 
with  transformers  at  each  house  or  for  two  or  three  houses 
grouped  together,  using  low  voltage  only  for  the  houses.  That 
would  reduce  the  copper  requirements  and  cost  of  good  regulation. 
We  cannot  expect  to  obtain  a  great  deal  of  reduction  in  initial 
cost  per  kilowatt  after  we  reach  a  certain  power  plant  capacity, 
but  with  additional  capacity  there  is  room  for  considerable  im- 
provement in  the  distribution  systems  and  that  seems  the  most 
promising  field  to  look  for  reduction  of  cost  per  kw.  hour  in 
operating  the  system.  It  at  least  appears  possible  that  with  the 
demand  per  residence  increased  to  such  extent  as  here  contem- 
plated, there  may  be  room  to  reduce  the  meter  installation  and 
attendance  per  kilowatt  hour  of  consumption,  and  substitute 
small  transformers  at  the  point  of  use;  distributing  to  advantage 
both  in  simplicity  and  in  cost  of  investment  and  operation  per 
kilowatt  hour  sold. 
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SOME  FEATURES  OF  DOMESTIC  ELECTRIC  COOKING 
AND  HEATING 


BY    H.    B.    PEIRCE 


Abstract  of  Paper 

Although  electric  cooking  and  heating  has  always  been 
considered  possible,  it  has  omy  recently  become  popular;  hence 
the  engineer  is  found  unprepared  with  information  on  the 
characteristics  of  the  load. 

From  tests  made  on  a  number  of  domestic  cooking  and  heating 
installations,  it  would  appear  that  electric  cooking  has  a  better 
load  factor  than  a  lighting  load  and  that  this  load  factor  improves 
as  the  number  of  ranges  increases. 

The  errors  incident  to  these  tests  are  discussed. 

The  demand  factors  on  bein|[  plotted  against  number  of  ranges 
appear  to  follow  a  logarithmic  curve  which  may  be  accounted 
for  by  the  fact  that  a  modification  of  the  law  of  probability  would 
no  doubt  determine  the  probable  coincident  demand  of  a  number 
of  ranges  and  that  this  law  is  a  logarithmic  function. 

Suggestions  are  made  for  the  checking  of  these  results  by 
others. 

In  the  heating  field,  the  effect  of  water  heaters  superimposed 
on  range  loads  is  discussed  in  relation  to  their  effect  on  the 
central  station  loads  and  income. 


SINCE  the  use  of  electrical  energy  first  developed,  the  pos- 
sibility of  successful  heating  or  cooking  by  heat,  generated 
electrically,  has  never  been  questioned;  the  problem  has  always 
been — can  it  be  done  at  a  profit  to  the  central  station,  with 
energy  sold  at  a  price  low  enough  to  put  electricity  in  competi- 
tion with  other  fuel? 

Today  we  find  a  sudden  stampede  for  this  ideal  fuel,  but  we 
find  the  electrical  engineer  unprepared  to  solve  the  problems  of 
heating  and  cooking  electrically. 

It  will  be  the  province  of  this  paper  to  show  what  may  be 
expected  by  a  central  station  after  there  has  been  developed 
a  load  of  ranges  and  water  heaters,  and  along  what  lines  engi- 
neering assistance  is  needed  to  solve  certain  knotty  problems 
connected  with  this  phase  of  the  industry. 

First,  to  consider  the  effect  on  the  central  station  of  a  cooking 
and  heating  load.    It  would  be  natural  to  expect  that  a  cooking 
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load  would  have  a  load  factor  considerably  lower  than  the 
lighting  load  in  the  same  community.  This  we  find  is  not  the 
case  and  it  further  appears  that  there  is  a  greater  increase  in 
load  factor  in  a  cooking  load  by  reason  of  an  increase  in  number 
of  consumers  served,  than  would  be  gained  in  a  lighting  load  by 
such  an  increase  of  consumers. 

These  deductions  are  the  result  of  a  number  of  tests  made  on 
actual  water  heater  and  range  installations  in  homes  using 
electrical  energy  for  cooking  and  water  heating. 

The  tests  consisted  of  installing  recording  ammeters  on  the 
various  cooking  installations  and  reading  the  charts  taken  there- 
from to  the  nearest  five-minute  interval;  these  readings  were 
then  assembled  and  the  total  load  for  any  day  at  any  hour 
determined. 

A  number  of  assumptions  were  of  necessity  made  in  securing 
these  composite  loads. 

First,  it  was  assumed  that  the  clocks  of  the  various  meters 
were  synchronous.  This  is  in  error  for  two  reasons;  (a)  the 
charts  were  not  all  taken  on  the  same  calendar  day  but  were 
taken  at  different  seasons  for  different  ranges  and  superimposed 
according  to  the  day  of  the  week  on  which  the  readings  were 
taken;  (b)  the  clocks  were  not  absolutely  accurate  either  as 
to  time  of  day  or  as  to  speed. 

Second,  the  readings  were  taken  on  a  five-minute  interval; 
this  meant  that  the  reading  for  the  interval  had  to  be  integrated 
by  inspection,  which  was,  of  course,  is  difficult  to  do  with  much 
accuracy,  particularly  in  view  of  the  fact  that  the  swing  of  the 
needle  on  these  instruments  was  considerable. 

The  first  opportunity  for  error  would  appear  to  have  more 
weight  than  it  proved  to  exhibit  in  practise,  since  a  set  of  charts 
for  a  week,  taken  at  one  time  of  the  year,  have  a  strong  resemb- 
lance to  similar  charts  taken  during  a  week  at  another  season. 
In  other  words,  in  the  community  observed,  the  habits  of  the 
public  as  it  concerns  the  preparation  of  mealsr  appears  to  be 
uniform  at  different  seasons  of  the  year.  The  opportunity  to 
run  into  error  by  inaccuracy  of  the  clocks  is  so  slight  as  to  be 
incommensurable  with  the  accuracy  of  the  results  which  at  best 
are  only  approximate. 

Curves  shown  in  Figs.  I,  2,  3,  4,  5,  6,  and  7,  exhibit  the 
daily  load  of  42  ranges  of  assorted  manufacture  and  var^'ing 
capacity  from  2.5  to  over  6  kw.  As  the  coincident  maximum 
demand  of  these  ranges  can  be  obtained  from  the  curve,  and  as 
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Pig.  1 — Composite  Range  Load  Curve 

Number  of  ranges  42 — Connected  load  156.4  kw. — maximum  demand  20.07  kw..  voltage 
110 
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Fig.  2 — Composite  Range  Load  Curve 

Number  of   ranges  42 — connected   load    115.4   kw. — maximum   demand   27.75   kw. — 
voltage  UG 
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Fig.  3 — Composite  Range  Load  Curve 

Number  of  ranges   42 — connected   load    115.4    kw. — maximum    demand   28.65   kw. — 
voltage  116 


Fig.    4 — Composite  Range  and  Water  Heater  Load,  Curve  "B  ' 

Number  of  ranges  42 — number  of  water  heaters  21 — connected  load  ranges  165.4  kw.— 
connected  load  water  heaters  12.18  kw. — maximum  demand  37.47  kw. 
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the  total  connected  load  is  known,  the  demand  factor  can  be 
computed.  As  the  average  kilowatt-hour  consumption  of  each 
range  is  known,  it  is  also  possible  to  figure  the  combined  load 
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Fig.  5 — Compositb  Range  Load  Curve 

Number  of  ranges  42 — connected  load  155.4  kw. — voltage  116 — maximum  demand 
(6  min.)  33.75  kw. —  max.  demand  (30  min.)  25.63  kw. —  demand  factor  5  min.  peak  4.6 — 
demand  factor  30  min.  peak  6.1 —  demand  factor  30  min.  peak  (Wed.)  5.5 
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Fig.  6 — Composite  Range  Load  Curve 

Number  of   ranges   42 — connected   load    166.4   kw. — maximum   demand   31.43   kw.- 
voltage  116. 
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Fig.  7 — Composite  Range  Load  Curve 

Number  of  ranges   42 — connected  load   155.4   kw. — maximum   demand   27.96   kw. 
voltage  116. 


factor  of  the  group.  These  values  show  that  even  with  as  small 
a  group  as  42  ranges,  the  demand  factor  is  4.5;  with  25  ranges, 
it  has  been  found  never  to  be  less  than  3.5. 

Digitized  by  LjOOQ IC 


1916] 


PEIRCE:   ELECTRIC  ^EATING 


1005 


It  might  be  expected  that  the  demand  factor  would  increase 
as  the  number  of  ranges  increases;  this  is  shown  in  Fig.  8,  where 
a  number  of  groups  of  ranges  have  been  observed  for  demand 
factor,  and  these  demand  factors  plotted  as  ordinates  with  the 
number  of  ranges  as  abscissas. 
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Fig.  8. 

The  result  is  a  shot-gun  diagram  which  interests  us  not  so 
much  in  its  upper  limits  as  in  its  lower  limits;  that  is,  the  worst 
condition  which  we  are  liable  to  experience  in  any  given  instal- 
lation is  that  for  which  we  must  make  provision.  The  curves 
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Fig.  9. 


through  the  points  on  the  lower  limits  appear  to  have  loga- 
rithmic characteristics  and  by  plotting  the  points  on  logarithm 
paper  (Fig.  9)  we  find  that  they  approximate  a  straight  line, 
that  is,  th6y  follow  roughly  a  logarithmic  curve. 

Such  a  curve  would  have  infinity  as  its  upper  limit  and  this 
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we  know  is  impossible,  as  the  demand  factor  can  never  exceed 
the  reciprocal  of  the  average  individual  load  factor. 

It  is  possible  that  this  last  statement  requires  a  word  of  ex- 
planation as  it  is  not  self-evident. 

Consider  ten  installations,  each  with  a  demand  of  one  kw., 
and  an  individual  load  factor  of  10  per  cent.  The  greatest 
demand  factor,  10,  would  be  secured  when  each  individual 
installation  was  turned  on  for  a  tenth  of  the  period  and  then 
turned  off  while  a  second  was  thrown  on  the  line.  The  result 
would  then  be  a  demand  never  exceeding  one  kw.  and  a  load 
factor  of  100  per  cent  for  the  entire  group. 

Let  us  apply  this  to  the  ranges  tested.  The  connected  load, 
which  for  convenience  may  be  assumed  as  the  individual  max- 
imum demand  of  each  individual  range,  will  average  about 
five  kw.  on  the  present  types  of  electric  ranges.  These  same 
ranges  will  each  average  a  consumption  of  about  100  kw-hr. 
per  month;  that  is,  the  individual  installation  will  have  a  load 
factor  of  about  2.8  per  cent.  The  reciprocal  of  2.8  per  cent, 
or  36,  is  then  the  maximum  limit  of  the  demand  factor  on  ranges 
of  this  type.  To  reach  this  value  it  would  be  necessary  for  the 
combined  load  factor  to  be  100  per  cent,  which  is  of  course 
impossible  under  present  conditions  as  there  are  hours  during 
the  day  in  which  there  are  no  cooking  operations  being  conducted. 

As  an  academic  example  this  result  might  be  secured  from  a 
central  station  supplying  energy  to  consumers  extending  around 
the  globe  in  a  zone  of  perfectly  uniform  density.  If  the  loga- 
rithmic curve  is  followed  out  to  demand  factor  36,  it  will  be  seen 
that  this  amounts  to  an  infinite  number  of  ranges  to  all  intents 
and  purposes. 

The  theory,  that  demand  factor  will  increase  in  accordance 
with  a  logarithmic  rule  will  appear  more  logical  when  it  is  re- 
membered that  diversity  and  demand  factor  depend  upon  the 
theory  of  probabilities  which  has  logarithmic  characteristics. 

To  get  the  greatest  practical  good  from  this  theory  it  should 
be  checked  in  a  number  of  different  localities  by  different  ob- 
servers and  the  results  compared;  then,  from  the  results,  a  rule 
adopted  that  would  permit  the  probably  coincident  demand  of 
a  number  of  ranges  to  be  more  accurately  predicted  than  is 
possible  at  the  present  time.  These  results  should  be  of  sufficient 
accuracy  to  enable  the  various  electrical  rules  to  be  based  upon 
them,  so  that  it  would  not  be  required  that  excessive  feed  cables 
be  provided  for  the  care  of   apartment  houses  equipped  with 
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electric  ranges,  and  so  that  the  proper  sizes  of  feeders  and 
transformers  for  serving  a  load  of  ranges  would  be  better 
computed  by  distributing  engineers. 

It  will  be  noted  that  the  demand  factors  have  been  figured 
in  the  computations  so  far  made  on  the  basis  of  a  five-minute 
peak.  For  practical  purposes  such-  a  peak  is  unnecessarily  brief 
so  that  the  effect  of  a  30-minute  peak  has  been  indicated  on 
Fig.  5  by  a  dotted  line  which  represents  the  results  of  measuring 
the  demand  by  means  of  a  demand  meter  of  the  type  that  inte- 
grates a  load  over  a  series  of  definite  half  hour  periods. 

Integrated  peaks  of  half-hour  duration  will,  of  course,  make 
the  demand  factor  greater.  This  should  be  borne  in  mind  in 
comparing  charts  taken  in  different  cities. 

In  making  comparisons,  there  should  also  be  noted  the  class 
of  people  by  whom  the  ranges  are  used.  Those  referred  to  in 
this  paper  are  representative  of  all  the  classes  that  will  event- 
ually do  their  cooking  electrically.  They  include  families  with 
incomes  of  less  than  $100  per  month  and  homes  in  which  the  bill 
for  current  is  a  minor  consideration.  The  apartment  house 
dweller  is,  howeVer,  not  as  well  represented  as  he  should  be. 
To  show  the  effect  of  such  consumers  in  helping  to  improve  load 
factor,  the  demand  factor  of  the  ranges  of  one  of  the  apartment 
houses  in  Salt  Lake  City  is  shown  in  Fig.  8.  This  demand  factor, 
it  will  be  seen  is  far  in  excesss  of  those  secured  from  ranges  in- 
stalled in  homes  in  Spokane,  the  city  in  which  the  individual 
tests  were  made.  At  first,  this  does  not  seem  logical,  as  one 
would  think  that  the  dwellers  in  the  same  apartment  house 
would  come  from  the  same  walk  in  like  and  would  be  likely  to 
do  their  cooking  at  the  same  hours.  The  answer  probably  is 
that  they  do  less  regular  cooking  than  do  the  families  in  their  own 
homes. 

Another  point  that  should  be  commented  upon  before  leaving 
the  subject  of  electric  ranges  is  the  average  monthly  consumption 
of  the  individual  ranges  in  kilowatt-hours.  This  has  been  re- 
ferred to  above  as  being  about  100  kw-hr.  It  is  true  that  the 
value,  100  kw-hr.,  represents  approximately  the  average  con- 
dition, but  to  say  that  this  is  the  probable  consumption  of  any 
particular  electric  range,  is  quite  another  thing;  the  truth  of  the 
matter  is  that  the  consumption  seems  to  vary  between  the  limits 
of  50  and  250  kw-hr.  while  in  exceptional  cases  the  energy  con- 
sumption of  a  range  used  by  a  farmer  has  been  known  to  exceed 
400  kw-hr.   during  a  single  month.     This  condition  appears 
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generally  during  the  season  of  harvest  when  there  is  a  large 
number  of  hands  to  feed.  Attempts  have  been  made  to  predict 
the  consimiption  of  a  range  by  the  size  of  the  family  by  whom  it 
is  used;  this  the  writer  believes  to  be  unsatisfactory  as  there 
are  wide  variations  in  habits  between  families  of  equal  size. 

It  will  be  noted  that  for  the  ranges  observed  the  daily  peak 
occurs  very  nearly  at  6  p.  m.  In  other  words,  it  will  coincide 
closely  with  the  lighting  peak.  This  is  unfortunate,  but  when  it 
is  remembered  that  with  a  fair  number  of  ranges  in  use,  the 
demand  factor  will  probably  be  8,  the  feasibility  of  making  this 
business  profitable  with  a  low  rate  per  kilowatt-hour  becomes 
clearer. 

For  instance,  if  we  assume  a  monthly  consumption  of  100 
kw-hr.  per  range,  an  average  individual  demand  of  5  kw.  and  a 
demand  factor  of  8,  we  get  the  following  results  with  a  rate  of 
3  cents  per  kw-hr.  for  energy: 

Revenue  per  range  per  year $36 .  00 

**  *  kw-year  of  range  demand 7 .  20 

«  «       «  .  «     «  station  demand 67.60 

So  far  this  paper  has  dealt  only  with  the  eletetric  range;  the 
next  point  to  be  considered  will  be  the  heating  of  water  for  the 
home. 

A  supply  of  hot  water  is  essential  to  the  satisfactory  use  of 
the  electric  range;  that  this  can,  in  many  instances,  be  accom- 
plished electrically,  is  not  questioned.  The  problem  is,  how  it 
shall  be  done. 

To  compete  with  coal,  wood  and  gas,  for  hot  water  heating, 
electricity  must  be  supplied  at  a  very  low  rate.  This  can  only 
bedoneby  securing  a  high  load  factor  for  the  service;  by  taking 
the  supply  from  valley  hours;  or,  by  limiting  the  use  of  the 
heater  to  those  hours  when  the  range  is  not  in  use. 

A  high  load  factor  can  be  secured  for  this  service  by  installing 
the  heaters  on  flat  rate  and  assuming  that  they  will  be  used 
continuously;  this  has  the  disadvantage  of  superimposing  their 
load  on  the  existing  peak.  The  revenue  they  return  must  then 
be  sufficient  to  5deld  enough  per  kw-year  to  pay  for  all  the  fixed 
charges  depending  upon  maximum  demand  at  peak. 

The  disadvantage  of  limiting  the  use  of  water  heaters  to  the 
valley  period  of  the  system  load  is  that  a  very  large  amount 
of  hot  water  must  be  stored,  as  in  most  instances  the  valley 
hours  are  not  of  very  long  duration  and  occur  at  a  time  when 
there  is  no  need  for  hot  water.    The  result  is  that  if  the  hot  water 
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supply  is  depleted  during  the  day,  there  is  no  alternative  for 
the  consumer  than  to  wait  until  the  next  day  for  more  hot  water. 
A  further  disadvantage  is  the  expense  of  an  installation  to  supply 
such  a  system.  Time  switch,  large  capacity  heater,  and  large, 
well-insulated  storage  tank,  all  will  be  found  to  amount  to  a 
considerable  sum. 

The  third  method  of  limiting  the  use  of  the  heater  to  the  hours 
when  the  range  is  not  in  use,  has  some  of  the  advantages  of  both 
systems  with  less  of  their  disadvantages;  it  can  be  controlled 
by  a  double  throw  switch  or  by  a  special  rotary  snap  switch  now 
on  the  market  for  that  purpose.  The  diagram  of  wiring  for  such 
an  installation  is  shown  in  Fig.  10.    The  effect  of  such  a  water- 
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Fig.  10 — Wiring  Diagram  for  Electric  Range  and  Water  Heater 
Controlled  by  Special  Switch 


heater  load  when  superimposed  on  a  load  of  ranges  is  shown  in 
Fig.  4. 

It  will  be  seen  from  the  curves  on  this  figure  that  a  load  of 
42  ranges  gave  a  peak  of  33.41  kw.  when  operated  without  water 
heaters,  (Curve  A),  When  21  of  the  ranges  were  equipped  with 
600-watt  water  heaters  on  double  throw  switches,  the  peak  was 
only  increased  to  37.47  kw.  (Curve  B). 

A  common  rate  for  a  600-watt  water  heater  operated  in  this 
fashion  is  $2.00  per  month  and  if  the  ranges  use  an  average  of 
100  kw-hrs.  each  per  month  the  rate  for  energy  being  3  cents 
per  kw-hr.  they  would  return  a  revenue  of  $36.00  per  year  per 
range  or  a  total  revenue  of  $1512.00  for  the  42  ranges.  These 
ranges  show  a  demand  of  33.41  kw.  which  means  a  revenue  of 
$45.00  per  kw-year  when  operated  without  water  heaters.     ^  t 
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If  21  water  heaters  pay  $24.00  each  per  year,  we  would  get 
an  additional  revenue  of  $504.00,  or  a  total  of  $2016.00  from 
the  ranges  and  water  heaters  combined.  The  demand  is  now 
raised  to  37.47  kw.  which  gives  a  return  of  $53.70  per  kw-year. 
It  is  conceivable  that  the  addition  of  such  a  water-heating  load 
might  make  an  otherwise  unprofitable  installation  of  ranges, 
profitable. 

Regarding  the  size  of  heater  required  for  this  purpose,  there 
are  few  accurate  data  which  can  be  offered.  The  600-watt  size 
appears  to  be  the  smallest  that  will  work  satisfactorily  while 
it  is  seldom  that  a  heater  larger  than  1.5  kw.  is  required.  The 
number  of  people  in  the  family,  their  habits,  the  size  of  the 
storage  tank,  the  system  of  hot  water  distribution,  all  affect 
the  results. 

Problems  dealing  with  the  electric  heating  of  buildings  are 
so  large  that  they  are  felt  to  be  beyond  the  scope  of  this  paper. 
It  is  undoubtedly  possible  to  secure  a  load  of  this  nature  when 
cheap  power  is  available,  in  a  locality  whose  climate  is  not  so 
rigorous  as  to  make  the  cost  of  heat  units  the  main  criterion  bfr 
which  the  efficiency  of  the  system  will  be  judged.  The  writer 
feels,  however,  that  his  experience  is  so  limited  in  this  regard 
that  anything  said  by  him  at  this  time  might  do  more  harm  than 
good  to  the  ultimate  development  of  this  field. 

Another  field  that  will  bear  investigation  is  the  question  of 
how  best  to  distribute  for  a  range  and  water-heater  load.  The 
use  of  individual  transformers  for  each  range  with  no  connection 
between  the  secondary  lines  is  objectionable  by  reason  of  the 
high  cost  of  installation.  The  use  of  safety  devices  between 
transformer  secondaries  for  providing  safety  to  adjacent  trans- 
formers connected  in  multiple  may  make  it  possible  to  secure 
greater  benefit  from  the  large  diversity  that  undoubtedly  does 
occur  between  different  groups  of  these  appliances. 

The  question  as  to  how  the  electrical  engineers  of  today  can 
best  promote  the  development  of  electric  heating  and  cooking 
and  whether  there  is  any  phase  of  this  subject  that  has  been 
neglected  by  the  Institute  to  the  detriment  of  the  electrical 
heating  and  cooking  field  and  to  the  standing  of  the  profession 
of  electrical  engineering  is  worthy  of  our  attention  in  closing. 

The  electrical  cooking  of  food  does  not  appeal  to  the  average 
engineer  as  worthy  of  his  august  attention,  as  it  smacks  too  much 
of  the  work  of  the  humble  house  maid.  The  big  problems  of 
large  transformers  and  high-tension  transmission  appear  tax 
more  important.  Digitized  by  CjOOQIc 
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Is  this  position  well  taken?  Is  not  the  service  of  society  the 
main  object  that  should  stimulate  the  engineering  profession 
and  is  there  any  problem  more  worthy  of  the  attention  of  the 
engineer  than  the  problem  of  supplying  food  to  the  citizens  of 
the  community?  Certainly  this  is  a  problem  far  more  important 
than  the  problem  of  supplying  the  luxury  of  light. 

The  humble  work  of  heating  water  is  certainly  as  vital  to 
the  advance  of  the  community  as  any  that  may,  on  the  surface, 
appear  more  poetic  by  reason  of  the  handling  in  one  unit  of  a 
large  capacity  of  power.  The  cake  of  soap  has  been  considered 
an  index  of  the  progress  of  civilization,  but  of  what  little  use  is 
the  soap  without  hot  water  to  use  it  with. 

The  standards  of  the  Institute  have  been  looked  upon  by  both 
the  engineers  of  this  country  and  by  those  abroad  as  indicative 
of  the  progress  of  the  art  and  as  representing  the  formulated 
practise  of  the  country.  Be  it  to  our  shame  that  there  is  in  the 
rules  of  standardization  no  mention  of  the  proper  installation 
of  electric  cooking  and  heating  appliances,  and  but  one  brief 
mention  of  the  insulation  of  the  heating  and  cooking  appliances 
that  are  now  in  use  on  the  lines  of  every  central  station  in  this 
country. 

In  the  early  history  of  the  art  the  engineer  with  mistaken 
ideas  of  dictating  the  possible  for  the  practical,  developed  heat- 
ing and  cooking  appliances  that  impeded  the  growth  of  the  use 
of  electrical  energy  for  the  saving  of  labor  in  the  home.  Be  it 
to  the  credit  of  a  few  men  of  wide  vision  that  this  is  not  the  case 
today. 


Digitized  by 


Google 


1012  ELECTRIC  HEATING  [Sept.  5 

Discussion  on  "Some  Features  op  Domestic  Electric  Cook- 
iNOAND  Heating"  (Peirce),  Seattle,  Wash.,  Sept.  6, 1916. 

J.  B.  Fisken:  I  want  particularly  to  call  attention  to  the  para- 
graph in  which  the  author  refers  to  the  manner  of  heating  build- 
ings. It  is  true  that  electrical  heating  of  buildings  may  be 
practicable  in  one  commimity  and  not  in  another.  In  our  com- 
munity, where  we  have  a  temperature  varying  from,  perhaps, 
twenty  degrees  below  zero  in  winter  to  one  hundred  above  in 
summer,  it[would  require  a  very  much  larger  installation  to  f lunish 
heat  for  buildings  than  it  would  possibly  in  Seattle,  where  the 
temperature  variations  are  not  so  great. 

C.  E.  Magnusson:  It  is  essential,  in  order  to  secure  a  low  price 
for  electric  energy,  that  we  have  a  good  power  factor  and  a  good 
load  factor,  and  that  there  be  taken  into  consideration  a  seasonal 
load  factor  as  well  as  a  daily  load  factor.  If  the  heating  of  build- 
ings entirely  by  electricity  is  to  be  imdertaken,  it  means  that 
for  a  short  period  of  the  year  there  would  be  a  tremendous  peak, 
and  the  rest  of  the  year  the  installation  would  stand  idle.  To 
install  a  system  for  supplying  electric  energy  for  heating  purposes 
which  would  be  adequate  for  two  months  of  the  year  when  the 
demand  would  be  greatest,  and  during  that  time  be  obliged  to 
supply  several  times  as  much  power  as  in  the  other  ten  months, 
when  the  demand  would  be  very  low,  seems  to  me  to  be  out  of 
the  question.  We  can  never  do  that,  because  it  will  never  be 
practicable  to  provide  the  machinery  which  would  be  required 
to  supply  the  heat  consumed  during  that  short  period  and  al- 
low that  machinery  to  remain  idle  during  the  balance  of  the  year. 
Therefore,  in  order  to  provide  a  seasonaJ  load  factor,  the  heating 
of  buildings  by  electrical  energy,  should  only  be  auxiliary  to 
steam  or  hot  air  heating  systems,  and  the  peak  of  the  winter 
would  be  taken  care  of  by  the  ordinary  furnace.  It  would  be  a 
great  relief  here  in  Seattle  if  we  could  have  a  small  amotmt 
of  heat  available  in  electrical  form  dtuing  the  fall  and  spring 
months.  We  could  operate  our  furnaces,  then,  for  two  or 
three  months  each  year — probably  two  months  would  be  all  that 
would  be  required — and  by  following  this  plan,  we  would  be  en- 
abled to  provide  electric  energy  at  a  rate  sufficiently  low  to  make 
its  use  practicable  for  heating  purposes.  Some  of  the  engineers 
of  the  city  having  in  mind  the  paper  that  was  presented  this 
morning,  asked  us  at  the  University  to  make  some  experiments 
in  designing  a  heater  of  the  induction  type,  having  a  high  power 
factor.  I  think  there  is  a  general  feeling  that  resistance  heaters 
have  too  large  a  maintenance  expense,  and  that  the  induction 
heaters  on  the  market  at  the  present  time  have  too  low  a  power 
factor  to  make  them  practicable.  I  will  describe  a  hot  water 
heater,  modified  so  as  to  include  an  electric  heating  element,  which 
was  built  at  the  University,  and  on  which  we  have  made  a  series  of 
experiments.  The  core  is  an  ordinary  iron  pipe  and  is  surrotmded 
by  a  copper  layer  sweated  on  to  the  pipe,  forming  the  secondary 
coil;  which  in  turn  is  surrounded  by  a  primary  coil  connected  to 
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the  electric  circuit.  With  that  simple  arrangement,  we  have  an 
induction  heater  with  a  power  factor  of  over  ninety-eight  and  one- 
half  per  cent.  I  think  that  with  a  heater  of  this  type  used  as 
auxiliary  on  a  hot-water  heating  system  of  a  house,  good  results 
could  be  obtained. 

W.  D.  Peaslee:  There  is  on  the  market  to  day  a  heater  con- 
structed on  that  identical  principal,  with  the  exception  that  they 
claim  that  it  is  not  a  short-circuit  transformer.  The  big  fault 
that  I  have  to  find  with  that  type  of  heater — I  made  some 
tests  on  one  this  year — was  that  it  is  so  very  sensitive  to 
voltage  variations.  That  is,  a  voltage  variation  of  two  per 
cent  as  the  machine  is  commercially  manufactured  at  the  present 
time,  gives  a  current  variation  of  something  like  forty  per  cent. 
You  are  all  very  familiar  with  the  short-circuited  current-voltage 
curve  of  a  transformer.  Unless  you  make  the  impedance  of  the 
secondary  so  high  that  you  lose  a  great  deal  of  the  beneficied 
effect  of  low  power  factor,  all  induction  heaters  that  I  have  had  oc- 
casion to  examine,  are  extremely  sensitive  to  slight  voltage  var- 
iations. For  instance  one  madiine  that  I  put  under  test  this 
year  was  rated  at  1200  watts,  and  if  it  was  put  on  a  commercial 
load  in  the  city  in  which  it  was  to  be  used,  it  would  have  fluctu- 
ated between  900  and  1700  watts,  and  I  don't  believe  the  power 
companies  care  to  have  them  connected  with  their  feeders.  If  it 
is  on  a  flat  rate  they  are  losing  money  on  it.  While  that  machine 
can  be  ^  designed  as  to  give  a  very  high  power  factor,  at  the 
same  time  its  characteristics  are  such  that  it  is  very  sensitive  to 
low-voltage  fluctuation.  I  know  the  one  made  in  Portland  has 
some  kind  of  a  silica  flux  put  over  the  coils,  and  the  only  way  to 
hurt  it  is  to  use  current  enough  to  actually  melt  the  apparatus. 

L.  P.  Curtis:  It  may  be  of  interest  to  know  that  this  heater 
has  practically  a  straight  line  curve  between  current  and  voltage. 
The  reactance  of  the  tmit  is  so  small  that  it  has  practically  no 
effect.  The  iron  does  not  become  saturated  and  therefore  has 
little  influence  on  the  performance.  The  particular  unit  in  ques- 
tion was  used  in  a  seven-section  radiator,  and  when  nm  at  about 
two  kilowatts  gave  a  rise  of  about  fifty  degrees  above  room  tem- 
peratiu-e  centigrade  in  an  hoiu*  and  a  half.  When  run  at  one  kilo- 
watt, the  temperature  was  maintained  at  approximately  fifty 
degrees  above  room  temperature.  The  power  factor  was  imi- 
fonnly  above  ninety-eight  per  cent  in  all  of  the  tests  run  at 
different  voltages. 

R,  W.  Pope:  One  of  the  authors  of  the  paper  this  morning 
gave  some  figures  in  regard  to  household  heating,  lighting  and 
cooking,  which  compared  very  well  with  my  experience.  My 
house  is  a  nine  room,  frame  structiu-e  clapboarded  and  shingled 
outside,  and  heated  with  hot  air,  and  lighted  with  gas,  with  an 
auxiliary  gas  burning  grate  in  the  dining  room  which  we  have  found 
exceedingly  satisfactory.  We  can  go  into  the  house  at  any  time 
of  year,  light  it  up  and  have  heat  available.  We  spend  about 
$150.00  a  year  for  all  purposes,  burning  about  fifteen  tons  of  hard 
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coal  at  $6.50,  the  gas  bill  for  all  purposes  averaging  about  $4.00 
per  month. "  If  the  cost  of  electricity  is  $24.00  for  heating  water, 
and  $36.00  a  year  for  cooking,  that  would  be  a  total  of  $60.00, 
leaving  a  $90.00  margin  for  the  heating  of  the  house.  Heating 
by  electricity  is  not  considered  economical,  compared  with  other 
methods. 

E.  R.  Perry:  I  think  it  will  be  interesting  to  consider  the  use 
of  electric  water  heaters  in  connection  with  the  electric  range. 
It  was  first  suggested,  as  stated  in  this  paper,  that  a  good  load 
factor  could  be  secured  for  this  service  by  installing  the  heaters 
on  flat  rate,  assuming  that  they  would  be  used  continuously,  which 
would  have  the  disadvantage  of  adding  their  load  to  the  existing 
peak.  To  eliminate  this  disadvantage  the  water  heater  was 
alternated  with  the  entire  range  by  a  double-throw  switch  arrange- 
ment. That  condition  gave  rise  to  a  little  dissatisfaction,  because 
the  people,  in  preparing  dinner,  used  a  great  deal  of  hot  'water, 
drawing  it  all  out  of  their  tank,  and  the  small  capacity  heater 
provided  did  not  heat  the  water  up  again  soon  enough  for  their 
purposes.  It  was  then  suggested,  and  in  some  cases,  they  tried  to 
alternate  the  hot  water  heater  with  a  part  of  the  range,  and  the 
question  then  rose  as  to  what  part  of  it.  It  might  be  operated  with 
part  of  the  oven  of  equivalent  capacity,  or  some  other  part  of  the 
stove  with  equivalent  capacity,  but  this  was  found  to  give  the 
hot  water  peak  on  top  of  their  range  peak.  So  the  proposition 
generally  came  down  to  the  situation  where  it  was  found  best 
to  connect  the  water  heater  on  a  flat  rate,  and  make  the  rate  high 
enough  to  give  a  sufficient  revenue,  and  not  bother  with  the  range 
at  all,  because  a  hot  water  heater  of  500-watts  capacity  cannot 
be  satisfactorily  operated  in  connection  with  a  range. 

Prof.  Magnusson  mentioned  the  seasonal  load  factor  in  con- 
nection with  heating.  I  do  not  think  that  electrical  heating  will 
ever  be  very  successful,  as  long  as  it  is  an  auxiliary  to  other  systems 
of  heating.  The  general  public  will  not  have  a  duplicate  system  of 
heating  installed  in  their  homes,  and  use  electricity  as  an  aux- 
iliary. The  output  of  a  hydroelectric  station  in  this  section  of  the 
country  usually  runs  greatest  from  the  month  of  January  to 
the  month  of  July,  and  then  falls  off  during  the  rest  of  the 
year.  It  is  evident  that  the  seasonal  load  factor,  then,  which 
would  be  desirable,  would  be  to  use  electric  heating  from 
January  tmtil  summer.  Unfortimately,  there  are  about  three 
cold  months,  October,  November  and  December,  which  come 
along,  when  there  is  not  a  great  deal  of  water.  In  most  hydro- 
electric systems,  I  dont  think  that  a  heating  load,  which  will 
cater  to  the  seasonal  load  factor,  will  do  the  job  of  heating 
the  houses.  Some  arrangement  will  have  to  be  worked  out 
for  electric  heating,  that  will  run  any  time  or  all  the  time  that 
the  people  want  it,  and  give  them  all  the  capacity  they  will  need 
to  keep  warm. 

H.  F.lHolland:  I  think  possibly  we  will  have  to  consider  our 
own  cities  in  making  deductions.    As  engineers,  you  must  not 
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overlook  the  fact  that  many  houses  are  going  to  be  heated  by 
electricity.  I  will  refer  particularly  to  Idaho.  In  a  school  house 
there,  something  like  800  kw.  of  heat  is  used.  In  another  case, 
about  500  kw.  Many  of  the  houses  and  the  hospitals  are  heated 
by  electricity.  You  will  have  to  consider  that  you  are  not  work- 
ing in  Spokane,  or  New  York,  or  the  middle  west,  but  you  will 
have  to  consider  conditions  all  over  the  country,  and  it  is  well 
worth  your  while  to  consider  electric  heat  as  among  the  neces- 
sary things  to  be  supplied  by  your  power  systems. 

H.  J.  Gille:  There  is  one  thing  in  connection  with  this  water 
heating  proposition  that  has  not  been  touched  upon.  Where 
heaters  are  used  without  any  restrictions,  and  the  heater  is  just 
a  little  larger  than  would  be  required  for  continous  operation,  a 
sufficient  diversity  factor  will  be  obtained  by  the  heater  being 
used  only  during  the  night. 
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TEMPERATURE  RISE  OF  INSULATED  LEAD-COVERED 

CABLES 


BY   RICHARD   C.    POWELL 


Abstract  of  Paper 

After  a  brief  historical  note  the  factors  that  determine  the 
rating  of  a  cable  are  considered. 

The  thermal  conductivity  of  a  cable  is  expressed  in  terms 
of  the  volume  thermal  conductivity  of  the  insulation,  the 
surface  thermal  conductivity  of  the  lead  sheath,  and  the  dimen- 
sions of  the  cable.  The  values  of  the  thermal  conductivities  as 
given  by  various  observers  including  the  author  are  compared. 
A  diagram  is  shown  for  readily  obtaining  the  thermal  conduc- 
tivities of  one-conductor  cables,  and  tables  are  given  of  the 
carrying  capacity  of  one-conductor  cables  for  various  duct 
temperatures  and  thicknesses  of  insulation.  Factors  are  added 
so  that  the  carrying  capacity  of  multiple-conductor  cables  may  be 
taken  from  these  tables. 

Sometimes  the  lead  sheath  of  a.  cable  carries  considerable 
stray  cu^ent.  A  formula  is  given  for  calculating  the  increased 
temperature  due  to  such  current. 

The  carrying  capacity  of  a  cable  is  largely  determined  by  the 
thermal  properties  of  the  duct  line  in  which  it  is  installed.  This 
feature  is  discussed  briefly. 

The  overload  or  intermittent  rating  is  calculated  from  a 
formula  involving  the  thermal  capacity  of  the  cable  multiplied 
by  a  factor.  Experimental  values  of  this  factor  for  several  types 
of  cables  are  given.  A  formula  is  given  to  take  account  of  vari- 
able air  temperature. 

Various  formulas  given. in  the  paper  are  developed  in  three 
appendixes. 


I. — Introduction 

THE  limitation  of  the  current-carrying  capacity  of  elec- 
trical conductors  due  to  heating  effects  has  been  a  subject 
for  investigation  since  1849  when  Joh.  M  filler^  starting  with 
Newton's  Law  of  Cooling,  arrived  at  the  result  that,  for  bare 
wires  of  the  same  material,  the  current  required  to  produce 
the  same  rise  of  temperature  varies  as  the  1.5  power  of 
the  diameter.  We  now  know  this  to  be  incorrect  as 
the  exponent  is  nearer  1.25.     However,    the  subject  was  not 

1.  Glfihen  von  Metalldrahten  durch  den  galvanischen  Strom.    Bericht 
uber  die  neuesten  Fortschritte  der  Physik.    Band  I.  (^  \ 
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really  seriously  considered  by  engineers  until  taken  up  by  Forbes' 
in  1882.  Since  then  quite  a  number  of  investigators  have 
published  data  relating  to  the  heating  of  wires  and  cables,  and 
a  very  good  resume — of  the  whole  subject  up  to  1905  is  given  by 
Teichmuller  in  his  ''Die  Erwannung  der  Elektrischen  Leitungen." 

Since  Eurpoean  practise  is  to  employ  armored  cables  buried 
in  the  earth,  we  find  very  few  European  data  of  any  real  practical 
value  to  American  engineers  desiring  information  on  lead  covered 
cables  for  a  draw-in  system. 

It  was  not  until  1905  when  Fisher  published  the  results  of 
some  quite  extensive  tests  at  Niagara  that  current  ratings  for 
lead-covered  cables  began  to  take  definite  shape.  Based  upon 
these  tests,  Fisher  published  in  1906  a  table  of  current  ratings, 
which  has  been  quite  extensively  used  by  engineers. 

This  table  is  to  be  considered  more  as  a  good  safe  rule  applic- 
able under  somewhat  unfavorable  conduit  conditions,  rather  than 
data  which  enable  an  engineer  to  rate  a  cable  intelligently  in 
accordance  with  the  actual  conduit  conditions.  It  is  to  be  noted 
that  Atkinson  in  1913  at  the  discussion  of  an  Institute  paper  by 
Atkinson  and  Fisher,  gave  the  results  of  some  tests  in  a  form  more 
suited  to  the  use  of  engineers.  This  paper  and  discussion  will 
be  referred  to  later.  ' 

Previous  to  the  above  mentioned  table  by  Fisher,  cables  were 
usually  rated  according  to  some  rule  allowing  a  certain  number 
of  amperes  per  unit  area,  generally  thousand  circular  units  or 
square  inch;     and  Fisher*s  work  was  a  very  great    advance. 

In  order  to  expedite  matters  for  a  subject  such  as  cable  ratings, 
where  there  is  an  almost  endless  variety  of  conductor  sizes, 
insulation  thickness,  types  of  make  up,  etc.  and  at  the  same 
time  make  it  possible  to  compare  properly  the  work  of  various 
investigators,  the  problem  must  be  reduced  to  its  simplest 
physical  terms.  That  is,  the  complexity  must  be  reduced  by 
considering  only  the  independent  physical  constants.  Once  these 
have  been  established,  any  engineer  having  the  dimensions  of 
a  cable,  and  sufficient  data  upon  the  surrounding  temperature 
may  obtain  a  dependable  rating  cable. 

In  searching  through  the  available  literature,  the  writer  has 
found  only  a  few  papers  that  conform  to  the  above  requirements 
and  which  may,  therefore,  be  a  basis  for  proper  comparison. 
These  are: 

2.  On  the  Thickness  of  Wires  Required  to  Carry  Different  Electric 
Currents  without  Overheating.    Electrician  (London)  1882. 
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Mie, — Uber  die  Warmeleitung  in  einem  verseilten  Kabel, 
ElekL  Zeii.  1905. 

Melsom  &  Booth — The  Heating  of  Cables  with  Current. 
Jour.  Inst.  Elec.  Engrs.  Vol.  47—1911. 

Atkinson  and  Fisher — Current  Rating  of  Electric  Cables, 
Trans.  Am.  Inst.  Elec.  Engrs.  1913,  p.  325. 

Dushman-i— The  Heating  of  Cables  Carrying  Current.  Trans. 
Am.  Inst.  Elec.  Engrs.  1913,  p.  333. 

The  purpose  of  the  present  paper  is  to  discilss  more  particu- 
larly the  carrying  capacity  of  paper-insulated  cables,  although 
it  will  be  evident  that  much  of  what  follows  is  applicable  to 
cables  insulated  with  other  materials. 

II — Rating  of  Cables 
The  rating  of  an  insulated  cable  is  determined  by 

A.  — Continuous  rating. 

1 .  The  maximum  temperature  at  which  the  insulation 
may  be  operated  without  undue  deterioration. 

2.  The  thermal  conductivity  of  the  cable. 

3.  The  thermal  condition  and  properties  of  the  surround- 
ing medium,  usually  the  air  in  a  conduit  system. 

B.  — Overload  or  intermittent  rating,  in  addition  to  1,  2,  and 

3  under  A. 

4.  The  thermal  capacity  of  the  cable  and  surrounding 
medium,  that  is,  the  ability  of  the  cable  to  store 
a  portion  of  the  heat  released  in  the  conductor,  and 
thereby,  for  short  periods  of  time,  to  put  less  demand 
upon  the  cable  as  a  dissipator  of  heat. 

It  is  demonstrated  in  works  on  heat  and  is  a  fact  so  well  known 
as  not  to  require  proof  here  that  the  thermal  conductivity  of  an 
infinite  hollow  cylinder  in  watts  per  cm.  of  length  per  deg.  cent. 
is 

27r  X 

in  which     X  =  specific  thermal  conductivity  of  the  material  in 
watts  per  deg.  cent,  per  cm. 
In  =  Naperian  logarithm 
di  =  outer  diameter  of  cylinder 
d  =  inner  diameter  of  cylinder 
For  a  cable,  di  and  d  are,  of  course,  the  inner  diameter  of  the 
lead  sheath  and  the  diameter 


of  the  conductor  respectively,  ^t 
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In  applying  equation  (1)  to  thermal  measurements  of  cables,  it 
is  necessarily  assumed  that  the  conductor  and  the  sheath  are  in 
very  close  contact  with  the  insulation,  and  that  there  is  no 
appreciable  temperature  drop  from  the  conductor  to  instdation 
or  from  insulation  to  sheath.  This  assumption  may  not  be 
correct;  hence  it  is  always  advisable  to  obtain  values  for 
X  from  measurements  on  actual  cables  instead  of  from  the  in- 
sulation taped  up  on  cylinders,  etc.  It  may  be  said,  however, 
that  equation  (1)  when  applied  to  cable  measurements  gives 
consistent  values. 

The  surface  thermal  conductivity  of  the  lead  sheath  to  air 
is,  in  watts  per  cm.  of  length  per  deg.  cent. 

k^^  TTdzh  (2) 

where  h  =  specific   surface   thermal   conductivity   for   lead   to 
air  in  watts  per  deg.  cent,  per  cm^. 
d%  =  outer  diameter  of  the  sheath  in  cm. 
The  thermal  conductivity  of  the  cable,  that  is,  the  watts  per 
cm.  per  deg.  cent,  difference  in  temperature  of  the  conductor 
and  the  air  surrounding  the  lead  sheath  is 


*  = 


*l  +  *2 


(3) 


This  expression  is  at  once  recognized  as  that  giving  the  elec- 
trical conductivity  of  two  conductors  in  series  and  the  analogous 
thermal  conductors  in  series  are  the  insulation  and  the  lead 
sheath. 

It  is  now  readily  seen  that  it  is  only  necessary  to  agree  upon 
values  for  X  and  h  in  order  to  establish  ratings  for  all  one-con- 
ductor cables.  Various  observers  have  obtained  somewhat 
widely  differing  values  for  these. 


Values  for  X  and  A. 


Observer 

X 

h 

for  saturated  paper 

for  lead  sheaths 

Melson  and  Booth 

0.00102  to  0.00134 
0.00100  to  0.00115 
0.00081  to  0.00114 

0.00142  to  0.0017 

0.00088  to  0.00155 
0.00083  to  0.0096 
0.00090  to  0.0011 
0.00081  to  0.0011 

Atkinson  and  Fisher 

Powell 

Dushman 

■•Symons  &  Walker 

1.  The  Heat  Paths  in  Electrical  Machinery.  Jour,  Inst.  Elec.  Engrs..  Vol.  48. 
These  values  were  obtained  by  wrapping  the  paper  on  a  copper  cylinder  which  was  then 
placed  in  an  oil  bath. 
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It  will  be  apparent,  after  examining  into  the  conditions  of 
the  cables  tested,  that  the  above  values  are  in  reasonable  agree- 
ment. Atkinson  and  Fisher  state  that  they  tested  new  cables 
with  bright  lead  sheaths,  and  Dushman  presumably  made  his 
tests  upon  new  cables.  The  writers'  values  are  from  tests  on 
old  cables  taken  from  service  as  well  as  on  new  cables,  and  it 
is  to  be  especially  noted  that  the  variation  in  X  is  greater  than 
that  given  by  any  other  observer,  excepting  Melson  and  Booth, 
and  the  writer  is  unable  to  state  anything  regarding  the  age  of 
the  cables  tested  by  them. 

The  values  0.00114  for  X  and  0.0009  for  h  were  found  for  new 
cables  with  well  saturated  paper  and  bright  sheaths,  and  are  in 
very  close  agreement  with  the  values  by  Atkinson  and  Fisher. 

The  value  h  =  0.0011  found  by  the  writer  for  lead  with  dis- 
colored and  roughed  surface  is  the  same  as  Dushman's  value  for 
lead  painted  black.  It  is,  of  course,  well  known  that  lead  under 
these  conditions  is  a  better  thermal  dissipator. 

The  value  0.00081  for  X  was  measured  upon  a  piece  of  500,000- 
cir.  mil.  5/32-in.  lead  cable  which  had  been  in  service  for  a 
number  of  years.  The  paper  was  in  excellent  condition  and  of  a 
very  strong  quality.  It  was  so  dry,  however,  that  there  was  not 
a  trace  of  free  oil  and  it  had  the  slightly  translucent  appearance 
of  thick  oiled  paper.  *The  writer  has  tested  a  number  of  pieces 
of  old  cables  taken  from  service  and  the  values  for  X  all  ranged 
from  0.00081  to  0.00092,  none  showing  so  good  values  as  for 
new,  well  saturated  cables. 

In  the  writer's  opinion  the  degree  of  saturation  and  hence  the 
age  (since  there  is  more  or  less  continual  drying  action  in  service) 
has  an  important  bearing  upon  the  carrying  capacity  of  paper 
insulated  cables. 


Thermal  Conductivitibs  in   Watts  Per  Ft.    Per  Dec.   Cent,   of  New  and  Old 
Paper-Insulated  Cables 


SiM 

Thickness 

of 
insulation 

Observer 

Atkinson  ft  Fisher 
A.I.B.E.  1913 

Powell 

fiOOOOO 

fiOOOOO 
1.000000 
1.000000  (new) 
1.150000 

4/32 
5/32 
4/32 
4/32 

4/32 

0.21 

0.275 

0.31 

0.19 
0.26 
0.308 
0.318 
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Although  the  thermal  conductivity  of  the  paper  decreases  with 
service,  that  of  the  lead  increases,  and  the  two  effects  just 
about  balance,  so  that  an  old  cable  has  nearly  as  good  carrying 
capacity  as  a  new  one. 

The  values  due  to  Atkinson  and  Fisher  are  for  new  cables 
and  are  those  calculated  from  the  table  given  in  the  discussion 
of  their  previously  mentioned  paper  and  increased  by  12  per  cent 
to  agree  with  their  test  values.  Except  as  noted,  the  writer's 
values  are  for  old  cables. 

Values  of  X  and  h  to  be  Used  in  Determining  Carrying  Capacity, 
The  above  mentioned  table  recommended  by  Atkinson  and 
Fisher  is  based  upon  X  =  0.00100  and  h  =  0.000833. 

It  is  believed  that  the  value  of  X  is  too  high  for  cables  after 
several  years  service,  and  h  is  too  low  even  for  new  cables  after 
being  exposed  to  the  air  for  a  few  months.  The  writer,  therefore, 
proposes  ratings  for  paper  cables  based  upon  X  =  0.00085  and 
A  =  0.001.  First  class  cables,  particularly,  in  a  short  time  after 
installation,  will  usually  show  15  per  cent  to  20  per  cent  greater 
carrying  capacity  than  that  calculated  from  these  values,  and 
most  old  cables  of  the  same  quality,  10  per  cent' greater.  However, 
allowance  must  be  made  for  paper  and  saturation  which  may  not 
be  of  the  best,  for  inaccuracies  of  measurements  on  cables  in  a 
conduit  system,  and  some  uncertainty  as  regards  heating  due 
to  sheath  currents. 

If  /  is  the  thickness  of  insulation  in  inches  and  X  =  0.00085, 
equation  (1)  becomes 

i,  .  2^X000^5  ^  3„  , 

'"(>  +  ^) 

^      0.1625 

watts  per  ft.  per  deg.  cent.     (4) 
Similarly,  equation  (2)  becomes,  if  dz  is  in  inches, 

Aj  =  7r  dj  X  0.001  X  6.45  X  12 

=»  0.244  dz  watts  per  ft.  per  deg.  cent.  (6) 

These  two  equations  suggest  a  comparatively  simple  diagram 
for  Qbtaining  A,  th^  thermal  conductivity  of  the  cable.    Such  a 
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diagram  is  Fig.  1,  proof  of  which  is  given  in  Appendix  I.  To  use 
the  diagram  proceed  as  follows: 

2t      .     . 

Follow  the  ordinate  through  the  given  value  of  -jto  its  mter- 

section  with  the  curve  C,  thence  horizontally  to  the  scale  at  the 
left.  Through  this  point  on  the  vertical  scale  and  the  value 
for  dj  on  the  lower  horizontal  scale  pass  the  edge  of  a  transparent 
triangle  or  straight  edge,  and  the  intersection  of  this  with  the 
line  L  is  *  read  off  on  the  vertical  scale. 
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Fig.  1 — Diagram  Giving  Thermal  Conductivities  of  One-Conductor 
Paper-Insulated  Lead-Covered  Cables. 


With  the  help  of  this  diagram,  the  three  curves  in  Fig.  2  have 
been  drawn.  These  curves  give  the  thermal  conductivities  of 
one-conductor  paper  cables  for  various  sizes  of  conductors  and 
three  thicknesses  of  insulation,  viz.  4/32  in. ;  8/32  in. ;  and  16/32 
in.  Values  for  any  intermediate  thickness  of  insulation  may  be 
readily  interpolated.  ^ 

As  a  maximum  safe  temperature  for  saturated  paper  85  deg. 
cent.,  the  value  allowed  in  the  Rules  of  the  Institute  may  be  ac- 
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cepted  with  every  assurance  that  it  is  conservative  and  does  not 
represent  the  maximum  temperature  that  this  material  will  stand 
without  deterioration.  The  Institute  Rules  call  for  a  reduction 
from  85  deg.  cent,  of  one  degree  for  each  thousand  volts  of 
operating  voltage. 

The  maximum  current  carrying  capacity,  or  the  rating  of  a 
cable  is  given  by 

Wb   ^  Pre  =  kie—e^)  (6) 

in  which  /  =  the  current  in  amperes 

We  =  watts  lost  per  ft.  at  temp.  0 
re  =  resistance,  per  ft.  at  temp.  0 
0  =  maximum  allowable  temperature  for  the  conductor 
0d  =  temperature  of  air  in  duct. 
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SIZE  OF  CONDUCTOR  IN  THOUSANDS  OF  CIRCULAR  MILS. 
Fig.  2 — Thermal  Conductivities  of  One-ConductorPaper-insulated 
Lead-Covered  Cables 


It  is  sometimes  assumed  that  the  thermal  conductivity  of 
paper  has  a  positive  temperature  coefficient  comparable  in  value 
to  the  negative  temperature  coefficient  of  copper,  so  that  the 
increase  in  loss  due  to  the  latter  may  be  neglected.  In  order 
to  check  this  point,  the  writer  made  the  following  test.  The 
copper  core  was  removed  from  a  piece  of  1,500,000  cir.  mil 
7/16  in.  paper  and  J-in.  lead  cable  about  75  cm.  long.  A  heating 
coil  was  wound  on  a  piece  of  insulated  pipe  and  covered  with 
asbestos  taping  to  such  a  diameter  as  just  to  fit  snugly  into  the 
space  formerly  occupied  by  the  copper.  This  core  was  then 
wound  with  fine  copper  wire  to  be  used  as  a  thermometer  coil, 
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which  was  in  rather  good  contact  with  the  paper  when  the  core 
was  finally  slipped  into  place.  To  guard  against  the  escape  of 
heat  at  the  ends,  they  were  filled  for  several  inches  with  felt. 
The  values  of  X  for  core  temperatures  of  75.5  deg.  cent,  and 
118  deg.  cent,  differed  by  less  than  2  per  cent.  The  writer, 
therefore,  concludes  that  the  above  assumption  is  incorrect. 
Moreover,  it  is  to  be  particularly  noted  that  the  error  in  neglect- 
ing the  temperature  coefficient  of  copper  is  not  on  the  safe  side. 
In  the  following  tables  i-in  lead  has  been  assumed.  Although 
the  smaller  cables  invariably  have  thinner  lead,  the  difference 
from  i  in.  is  not  sufficient  to  cause  appreciable  error. 


III.    Tables  of  Carrying  Capacity,  in  Amperes,  of  one- 
CoNDUCTOR  Paper-Insulated  Lead-Covered  Cables. 

TABLE   I. 

Insulation  4/32  in.    Working  Pressure  760  Volts.     Maximum  Tbmpbraturb  85  Dkg. 

Cent. 


Temperature  of  air  in  duct  deg.  cent. 

Size 

30 

40 

60 

60 

70 

4 

133 

120 

106 

90 

70 

3 

164 

139 

122 

104 

80 

2 

181 

164 

144 

122 

96 

1 

200 

182 

160 

136 

106 

0 

240 

220 

192 

163 

126 

2-0 

277 

260 

220 

187 

146 

3-0 

320 

290 

266 

217 

168 

4-0 

376 

340 

300 

264 

197 

250M 

418 

380 

333 

282 

219 

300 

476 

430 

379 

320 

248 

400 

670 

616 

464 

385 

298 

600 

070 

608 

536 

454 

361 

760 

870 

790 

696 

590 

466 

1000 

1070 

970 

855 

725 

660 

1260 

1240 

1120 

990 

840 

660 

1600 

1410 

1276 

1126 

950 

736 

2000 

1700 

1636 

1356 

1160 

890 
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TABLE   II. 
Insulation   8/32  In.     Working    Prkssurb    6000   Volts.     Maximum    Tbmpkraturb 

80  Dbg.  Cbnt. 


Temperature  of  air  in  duct. 

Des.  cent. 

Sim 

30 

40 

60 

60 

70 

4 

126 

112 

97 

79 

66 

3 

146 

129 

112 

91 

64 

2 

166 

149 

129 

106 

74 

1 

181 

162 

140 

116 

81 

0 

214 

192 

166 

135 

96 

2-0 

261 

226 

195 

169 

112 

3-0 

290 

269 

226 

183 

130 

4-0 

339 

303 

262 

214 

161 

250M 

371 

332 

288 

236 

166 

300 

431 

386 

333 

272 

192 

400 

619 

464 

402 

828 

232 

600 

610 

646 

472 

386 

273 

760 

786 

702 

609 

497 

362 

1000 

966 

856 

740 

606 

427 

1260 

1100 

980 

860 

696 

490 

1600 

1265 

1126 

970 

796 

660 

2000 

1610 

1360 

1170 

966 

676 

TABLE   III. 
Insulation  16/32  In.    Working  Prbssurb  16.000  Volts.    Maximum   Tbmpbraturb 

70  Dbg.  Cbnt. 


Temi)erature  of  air  in  duct.  Deg.  cent. 

Size 

30 

40 

60 

60 

4 

107 

93 

76 

63 

3 

122 

106 

86 

61 

2 

139 

120 

98 

70 

1 

162 

132 

108 

76 

0 

181 

167 

128 

90 

2-0 

208 

181 

147 

104 

3-0 

239 

207 

169 

120 

4-0 

284 

246 

201 

142 

260M 

312 

270 

221 

166 

300 

361 

306 

248 

176 

400 

420 

364 

297 

210 

600 

490 

423 

345 

246 

760 

632 

648 

447 

316 

1000 

766 

664 

642 

383 

1260 

900 

780 

636 

460 

1600 

1016 

880 

720 

610 

2000 

1225 

1060 

866 

610 
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IV.     Carrying  Capacity  of  Multiple-Conductor  Cables 

The  preceding  tables  maybe  used  for  multiple-conductor  cables 
by  applying  the  following  factors  to  the  carrying  capacity  of 
one-conductor  cables  having  the  same  total  thickness  of  insula- 
tion. 


Number 
conductors 

Type  of  cable 

Multiply  one  conductor 
capacity  by      , 

2 
.2 
2 
3 
3 
3 
4 

Plat  or  Figure  8 

Round 

Concentric 

Round 

Oval  Sector 

Cloverleaf  Sector 

Round 

87  per  cent 
80         do 
75         do 
70         do 
77         do 
80         do 
67        do 

Thus,  the  carrying  capacity  of  a  4/32  X  4/32-in.  round, 
three-conductor  cable  is  70  per  cent  of  that  for  an  8/32-in.  one- 
conductor  cable. 

The  subject  of  multiple  conductor  cables  is  treated  more  fully 
in  Appendix  11. 

V.      Increase  of  Temperature  Due  to  Sheath  Currents 
It  happens,  not  infrequently,  that  cable  sheaths  carry  con- 
siderable current.    This  current  may  be  stray  railway,  or  neutral 
or  currents    induced    by  alternating   currents   in    neighboring 
one-conductor  cables. 
Let  w  =  watts  per  ft.  loss  in  conductor 
w'  =  watts  per  ft.  loss  in  sheath 
k,  ku  and  jfcj  =  thermal  conductivities,  for  cable,  conductor 

to  sheath,  and  sheath  to  air,  respectively. 
0  =  conductor  temperature  above  initial 
d'  =  sheath  temperature  above  initial 
Thenw  -  kxiO-B') 
w-\'W'^  kt  B' 
Eliminating  0*  we  have 

''^l  +  il 

or,  the  temperature  of  the  conductor  is  increased  by  the  amount 
-r— ,  which  is  the  temperature  the  sheath  would  have  with  the 
same  current  in  the  sheath  but  no  current  in  the  conductor.      , 
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As  an  example;  a  1,000,000-cir.  mil  4/32-in.,  \  in.  lead  one-con- 
ductor cable  which  has  a  sheath  resistance  of  0.00017  ohms  per 
ft.  will  operate  at  an  increase  in  temperature  of  5  deg.,  17  deg. 
and  40  deg.  with  sheath  currents  of  100  amperes,  200  amperes  and 
300  amperes  respectively.  The  effect  of  small  or  moderate 
sheath  currents  may  be  neglected,  but  large  currents  must  be 
avoided. 

VI.     Cables  in  Duct  Lines 

The  carrying  capacity  of  a  cable  is  largely  determined  by  the 
thermal  properties  of  the  duct  line  in  which  it  is  installed,  and 
hence,  will  vary  greatly  with  type  of  construction  and  character 
of  soil.  In  order  to  determine  the  proper  carrying  capacity  of 
cables  with  any  degree  of  reliability,  it  is  necessary  to  make  a 
temperature  survey  of  the  conduit  system.  Or,  at  least,  sufficient 
data  must  be  gotten  covering  the  various  types  of  construction 
and  soil  conditions  to  enable  one  to  make  a  reasonably  accurate 
estimate  of  temperatures. 

It  will  be  found  that  the  thermal  conductivity  of  a  duct 
line  is  a  constant,  and  is 

w 
k  =  -^i w-  watts  per  ft.  per  deg.  cent.  (13) 

where  w  =  total  watts  per  ft.  loss  in  duct  lines. 
0d  —  mean  temperature  of  air  in  ducts 
da  =  temperature  of  air  at  surface  of  street 

This  equation  will  apply  after  the  temperatures  in  the  ducts 
have  become  steady,  usually  only  after  one  or  two  weeks.  It  is 
to  be  noted  that  the  temperature  of  the  external  air  has  an 
important  bearing  upon  the  subject  and  that,  under  otherwise 
similar  conditions,  a  duct  line  will  run  much  warmer  in  summer 
than  in  winter. 

In  practise,  loads  are  seldom  steady;  hence,  the  temperature 
of  the  air  in  ducts  follows,  more  or  less  closely,  the  load  varia- 
tions, although  it  will  be  found  that  the  earth  directly  in  contact 
with  the  conduit  changes  only  with  the  seasonal  variation  of 
load. 

The  problem  may  conveniently  be  divided  into  two  parts; 
viz.,  one  having  to  do  with  heat  transference  from  the  air  in  the 
ducts  to  the  earth  directly  in  contact  with  the  conduit,  and  the 
other  with  transference  from  the  earth  to  the  air  at  the  surfsCce, 
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For  the  first,  the  thermal  conductivity  is 

kd  =   s — ^  watts  per  ft.  per  deg.  cent.  (14) 

In  this,  Wd  =  maximum    watts    per    ft.    loss    at    stationary 
maximum   temperature    dd  for   air  in    ducts. 
Bt  =  soil  temperature. 
For  the  second,  we  have 

kt  =  -s — ^-3-  watts  per  ft.  per  deg.  cent.  (16) 

where         w^  =  average  watts    per  ft.    loss  for  a  given    load 
cycle. 

For  most  loads  the  cycle  is  probably  a  week. 

All  thermal  measurements  on  duct  lines  should  be  made  mid- 
way between  manholes,  as  this  is  the  warmest  point.  Soil  under 
pavements  which  are  a  considerable  distance  from  unpaved 
sections  rarely  has  the  variation  in  moisture  content  found  in 
soil  under  unpaved  streets.  Hence,  measurements  in  soil  under 
pavements  as  above  may  be  made  at  almost  any  time  of  the  year, 
but  in  other  soil  should  be  taken  at  the  dryest  season. 

The  losses  Wd  and  w^  may  be  calculated  from  the  station  load 
reports,  and  Od  is  taken  with  a  recording  thermometer.  Measure- 
ments for  Od  should  be  taken  in  several  ducts,  particularly  if 
there  is  a  large  number  in  the  run. 

After  kd  and  jfc,  have  been  obtained  the  effect  of  change  in 
loading  for  the  cables  already  installed,  or  effect  of  additional 
cables  may  be  calculated. 

Let  Wd'  be  the  maximum  duct  loss,  and  w,'  the  mean  loss  over 
the  cycle  for  the  whole  conduit,  both  in  watts  per  ft.  after  the 
change. 
Then  the  new  soil  and  duct  temperatures  are: 

Srf'  =  -r-  +  9.'   =   -jT-   +  -r-  +  »a 

Kd  f^d  '^a 

It  is  hoped  that  the  preceding  discussion  of  duct  line  tempera- 
tures may  assist  in  forming  a  clear  conception  of  the  physical 
principles  involved.    For  only  in  this  way  may  we  expect  t^Qajg 
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make  a  duct  line  in  any  degree,  amenable  to  design  as  a  dissi- 
pator  of  heat.  The  writer  does  not  wish  to  leave  the  slightest 
impression,  however,  that  judgment  and  experience  are  not  of 
the  highest  importance  in  designing  duct  lines  and  may  be  re- 
placed by  some  equations  and  a  table  of  data.  But  unless  backed 
up  with  quantitative  information,  "judgment  and  experience" 
are  apt  to  be  nothing  but  snap  judgment  and  mental  impressions. 
If  the  large  investments  in  duct  lines  and  cables  are  to  be 
operated  with  the  greatest  economy  and  reliability,  it  is  very 
necessary  that  we  increase  materially  our  rather  meager  supply 
of  information  on  the  question  of  heating  in  conduit  systems. 

VII — Overload  or  Intermittent  Rating 

If  a  constant  load,  in  amperes,  is  applied  to  a  cable,  the  temper- 
ature rise  of  the  conductor,  at  any  time  after  application  of 
the  load,  is  given  by  the  equation 


e 


^(i  =  -")=r^O-^""''^')  ("> 


in  which  d  =  temperature  rise  above  initial  temperature  at 
time  /, 

0  =  final  temperature  rise, 

€  =  base  of  Naperian  logarithms, 

Q      *  -  aw  ,     ^ 

p  =  =  constant, 

c 

t  =  time  in  hours. 

w  =  watts  loss  per  ft.  at  initial  temperature. 
a  =  temperature    coefficient    of    copper    referred    to 

initial  temperature. 
c  =  constant   depending   upon   thermal   capacity   of 
cable. 

It  is  sometimes  assumed  that  c  is  equal  to  the  total  thermal 
capacity  of  the  cable,  which  is,  of  course,  assuming  that  the 
rate  of  temperature  rise  is  the  same  for  all  parts  of  the  cable. 
This  assumption  is  incorrect.  It  is  at  once  apparent,  for  example, 
that  the  rate  of  temperature  rise  of  the  lead  sheath  is  not  so 
great  as  that  of  the  conductor,. particularly,  for  heavily  insulated 
cables.  The  error  is  not  appreciable  for  small  cables,  but  for 
large  well  insulated  cables  the  above  assumption  leads  to  results 
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which. are  in  error  on  the  danger  side,  that  is  give  too  small  a 
value  for  j8  and  hence  a  lower  temperature  rise  in  a  given  time 
We  may  put 

c  =  cx  +  />  (  C2  +  Cs  )  (12) 

where  C\  =  thermal  capacity  of  the  conductor  in  watt- 

hr.  per  ft. 
C2  ==  thermal  capacity  of  the  insulation  in  watt-hr. 

per  ft. 
Cz  =  thermal  capacity  of  the  lead  sheath  in  watt-hr. 

per  ft. 
p  =  constant,  depending  upon  the  type  of  cable. 
Some  values  for  p  as  found  by  the  writer  follow: 


EXPERIMENTAL   VALUES   FOR 

CONSTANT   p. 

No. 

Size 

Thickness  of 

Thickness 

P 

conductors 

conductor 

insulation 

Lead 

1 

4/0 

7/16  Paper 

0.81 

600.000 

5/32       « 

0.70 

1.000.000 

4/32       « 

0.70 

1.500.000 

4/82       • 

0.77 

3 

4/0 

13/64X13/64  Paper 

0.595 

250  M  Submarine 

(6/32  rubber  +  2/32 
Var.  01.)  X  5/32 
Var.  CI. 

5/32  +  41 
No.  4  Steel 
Armor  Wires 

0.59 

From  data  given  by  Dushman  for  a  one-conductor  250,000, 
4/32-in.  rubber  cable,  p  was  found  to  be  0.80. 

Hence,  for  practical  purposes,  it  appears  that  we  may  put 
p  =  0.75  for  one-conductor  and  p  =  0.60  for  three-conductor 
cables. 

The  following  quantities  may  be  used  in  calculating  the  thermal 
capacity  of  a  cable. 

Thermal  Capacity  in  Watt-Hr.  Per  Inch  Cube 

Copper,  iron,  steel 0.01525 

Lead 0.0064 

Rubber 0 .00625  (Dushman 

Paper 0 .0047 

For  a  further  discussion  of  equations  (11)  and  (12)  see  Appendix 
III. 

In  Fig.  3,  is  shown  some  test  curves  together  with  those 
plotted  from  equations  of  the  form  of  (11), 
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With  the  assistance  of  a  curve,  Fig.  4  giving  (1  —  €"^0 
for  various  values  of  j8/,  we  may  very  readily  obtain  the  tempera- 
ture at  any  time  /,  provided  the  final  temperature  0,  and  the 


70 

^^ 

i ^            ' 

*/" 

^ 
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60 

'i 

/y 

^"^^ 
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/ 

50 

UJ 

// 

^.0 

// 

7  40 

UJ 

s 

c 

§30 

I                            ' 

/ /    / 

/ 

20 

D 

llf          ^ 

10 

0 

r 

12                   3                   4                   5                  6 
TIME -HOURS 

Fig.  3— Rate  of  Temperature  Rise  of  Cables 

Load             Equation 
Curve                                        Type  of  cable                                   amps. 

A 
B 


4/0  3-conductor  round  13/64  X  13/64  paper  *"lead      300  -0  83  i 

«-69(l   -•  ) 


1.500,000  cir.  mil  1 -conductor  4/32  paper  \  lead 


1600    6-62(1   -•    ^•^') 


C 
D 


600,000  cm.  1-conductor  6/32  paper  I  lead  500    9-30(1  -t    ^•*'   ) 

250,000  cm.  3-conductor  submarine  (6/32  rubber  + 

2/32  var.  cl.)  X  5/32  var.  cl.  5/32  lead  and  41  ,  ^^ , 

No.  4  steel  armor  wires.  310    tf  -17  (1  -  f-LOSI  ) 

Points  calculated  from  equations  shown  X. 


time  constant  j8  are  known.     These,  however,  may  easily  be 
computed  with  the  preceding  equations  and  data. 

For  example,  let  it  be  required  to  find  the  time  for  a  1,000,000- 
cir.  mil  4/32-in.  paper  cable  to  reach  85  deg.  cent,  starting  at  a 
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temperature  of  40  deg.  cent,  with  a  load  of  1200  amperes.  It  is 
assumed  that  the  temperature  of  the  surrounding  medium 
remains  constant  at  40  deg. 

w,  at  40  deg.,  =  17.0  watts  per  ft. 
a  (40  deg.  reference)  =  0.0036 
k  =  0.27 
c  =  0.21 


e 


w 


^  17.0 

k-aw      0.21 


=  81  deg.  cent. 


1.0 

_^ 

^ 

' 

^^ 

0.8 

/ 

X 

/ 

r 

06 

y 

/ 

^ 

/ 

^0.4 

/ 

/ 

0.2 

/ 

/ 

n 

12  3  4  5  6 

Fig.  4— Curve  of  (1  — ;-^0 
The  rise  is  to  be  45  deg.,  hence 

If  =  (l-e-fl«)=  0.556 

From  the  curve  (Fig.  4),  we  find  /3/  =  0.8 

T,  4.  a      k  —  aw      0.21 

But  ^  -  — gr-  =  0:21  =  10, 

and  therefore,  /  =   0.8  hour,  or  about  50  minutes. 

In  general,  the  duct  temperature  increases  simultaneously 
with  that  of  the  cable,  and  usually  at  approximately  the  same 
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rate.  If  this  increase  is  small,  that  is,  6  or  10  deg.,  we  may 
simply  add  this  increase  to  the  final  temperature.  For  instance, 
in  the  above  example,  if  the  final  duct  temperature  had  been 
50  deg.  instead  of  40  deg.,  we  should  have  had  0  =  91  deg.  and 
the  time  about  40  minutes. 

If  the  increase  in  duct  temperature  is  large,  the  temperature 
coefficient  of  copper  should  not  be  neglected.  A  more  correct 
value  for  the  final  rise  of  a  cable  is 


e  =  01  + 


■a  w 


02 


Here,  0i  is  the  final  rise  the  cable  would  have  at  constant 
duct  temperature,  and  02  is  the  final  increase  of  duct  air  tempera- 


FiG.  5 


ture.    For  the  general  equation  involving  variable  air  temperature 
see  Appendix  III. 

Many  of  the  cable  tests,  from  which  the  data  given  above  were 
taken,  were  made  by  the  Laboratory  Department  of  the  Pacific 
Gas  and  Electric  Company,  vSan  Francisco,  and  the  writer  de- 
sires to  thank  Mr.  Knopp,  the  Superintendent  and  his  staff  for 
the  very  careful  manner  in  which  these  were  done. 

APPENDIX  I. 

Diagram  for  Finding  Thermal  Conductivities  of  One- 
Conductor  Cables 

This  construction  is  based  upon  a  well  known  geometric 
construction  which  is  sometimes  used  for  finding  graphically  the 
circuit  resistance  of  two  resistances  in  parallel. 

Two  perpendicular  distances  ki  and  k%  (Fig.  5)  are^ected  at 
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the  ends  of  a  given  line  and  the  top  of  each  is  joined  to  the  foot 
of  the  other  by  a  straight  line  (the  lines  L  and  M  in  the  figure). 
The  perpendicular  dropped  upon  the  base  line  from  the  inter- 
section of  these  two  lines  {k  in  the  figure)  is  connected  to  k\  and 
*2  by  the  relation 

1  _   1     .  1     ^,  .        *i  *2 
T  =  -7-  +  T-,  or  ^  = 


k        k\       k^                   ki  +  ki 
By  plotting  the  equation  k\  =  — ^-r-     the   curve    C    is 


'"('+!) 


2/ 

obtained  giving  ki  for  any  value  of  -7-. 

The  straight  line  (L  in  the  figure),  kt  =  0.244  (/a,  is  next  drawn. 
After  the  point  ki  is  found  by  means  of  the  curve  C,  k  is  given,  for 
any  value  of  dz  by  the  intersection  of  the  line  L  and  the  line  M 
through  ki  and  the  point  P  distant  dz  from  0.  The  thermal 
conductivity  k  is,  of  covirse,  read  off  on  the  same  scale  as  k\. 
It  is  more  convenient  to  place  a  transparent  straight  edge 
through  ki  and  dz  than  actually  to  draw  the  line. 

APPENDIX  II 

Multiple-Conductor  Cables 
The  thermal  conductivity,  ki  from  conductors  to  sheath  for 
multiple-conductor  cables  having  the  conductors  laid  up  in  a 
single  layer  may  be  calculated  from  an  equation  given  by  Mie 
in  his  paper  previously  mentioned.  This  equation  covers  the 
usual  two-,  three-,  and  four-conductor  cables  for  power  pur- 
poses, and  is 

k\  = ,  watts  per  ft.  per  deg. 

In  [(1  -  a|8)  +  V  (1  -  a^)  (1  -  /S^)  ^         ^      (f) 

cent,  in  which  n  =  number  of  conductors 


-(I:)' 


r  =  radius  of  conductors 
R\  =  radius   of   circle   circumscribing    the    con- 
ductors 
R%  =  inner  radius  of  lead  sheath  Digitized  byGoOglc 
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Ri  and  R^  depend  upon  the  size  and  number  of  conductors 
and  thickness  of  insulation. 

If  /j  and  /2  are  the  thicknesses  of  insulation  for  conductors  and 
belt  respectively,  then 

Rt  =  Ri  +  ii-V  /2 
and  Ri  —  2r  +  /i,     for  two-conductor  round  cables 

R^  =  ^  ^^  "L^^^  +  r  =  2.16r  +  1.15/i  for  three  conductors 

V  3 

R^  ==  ^^^+J^)  +  ^  =  2.42r  +  1.41/1  for  four  conductors 

V  2 


The  quantity  (1  —  ajS)  +  V(l  — a«)(l—  jS^)  =  m  is  approx- 
imately a  constant  for  a  given  type  of  cable,  and  the  following 
values  may  be  used, 

1.90  for  two  conductors,  and 

1.96  for  three  and  four  conductors. 

Equation  (7)  may,  therefore,  be  somewhat  simplified.  We 
may  put 

i?i  =  (a  +  6)  f 

2  n 
whereupon,  a  —  j8  =  a  (1  — 5)  =  «      ,   ,    , — ^  ^  aCy 

and,  finally,  k\  = 


'" 77=  (») 

That  is,  a  multiple-conductor  cable  has  the  same  thermal 
conductivity  as  a  one-conductor  cable  of  the  same  outside  sheath 
diameter  and  a  conductor  diameter  equal  to 

2R,j^^^2fR, 


In  practise,  it  is  scarcely  worth  while  to  make  calculations  for 
the  various  sizes  of  conductors  and  thicknesses  of  insulation  as 
it  will  be  discovered  that  the  factors  for  applying  to  one-conduc- 
tor cable  ratings  do  not  differ  by  more  than  5  per  cent.  To  find 
the  carrying  capacity  of  a  multiple-conductor  cable,  apply  the 
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following  percentages  to  the  carrying  capacity  of  a  one-conductor 
cable  having  the  same  total  thickness  of  insulation. 

No.  Conductors  Multiply  One-conductor  Capacity  by 

2  80  per  cent 

3  70     «       « 

4  67     «       « 

Two-CoNDUCTOR  Flat  AND  Three-Conductor  Sector  Cables 
In  addition  to  the  above  there  are  frequently  used  two-con- 
ductors flat  and  figure  8,  and  multiple  sector  cables.  Sector 
cables  are  of  two  types,  oval  and  clover  leaf.  The  oval  is  laid 
up  with  fillers  and  the  clover  leaf  without.  It  is  evident  that 
sector  cable  has  greater  carrying  capacity  than  round,  and  that 
the  clover  leaf  is  somewhat  better  in  this  respect  than  the  oval. 
The  writer  has  found  by  test  that  a  4/0,  13/64-in.  X  13/64-in. 
paper,  three-conductor,  oval  sector  cable  has  12  per  cent  better 
carrying  capacity  than  a  similar  round  cable. 

It  is  believed  that  the  following  percentages  may  safely  be 
applied  to  two-conductor  flat  and  three-conductor  sector  cables. 

Type  of  Cable  Multiple  One-conductor  Capacity  by 

2  Conductor,  flat  87  per  cent 

3  «         Oval  sector  77     «       « 
3             *         Clover  leaf  sector                             80     «       " 

Two-Conductor  Concentric  Cable 
Concentric  cable  is  sometimes  used  for  direct-current  feeders 
where  duct  capacity  is  limited. 

Let  d  =  diameter  of  inner  conductor, 
di  =  inner  diameter  of  outer  conductor 
di  =  outer  diameter  of  outer  conductor 
dz  =  inner  diameter  of  sheath 
d^  =  outer  diameter  of  sheath 

total  area  of  both  conductors 


a  = 


area  outer  conductor 


The  slightly  increased  loss  in  the  inner  conductor  due  to 
operating  at  a  little  higher  temperature  than  the  outer  may  be 
neglected.  Sometimes  the  area  of  the  inner  conductor  is  made 
larger  in  area  than  the  outer. 

The  thermal  conductivity  is 
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*  =  ^r  "1  \  .  L  /  watts  per  ft.  per  deg.  cent. 
(a  k\)+k^' 

in  which        k^'  = 


(10) 


ki  = 


*2    = 


*2  +  *.  ' 

2r  X 

2ir\ 


kz  =  0.244  ^4 

The  carrying  capacity  of  a  two-conductor  concentric  cable 
with  conductors  of  equal  area  may  be  taken  as  75  per  cent  of 
that  for  a  one-conductor  cable. 

Increasing  the  size  of  the  inner  conductor  is  of  very  little 
advantage,  for  example,  a  concentric  cable  with  1,250,000  cir. 
mil  inner  conductor  and  1,000,000  cir.  mil  out  has  only  about 
9  per  cent  greater  carrying  capacity  than  a  cable  with  both 
conductors  1,000,000  cir.  mil. 

APPENDIX  in. 

Rate  of  Temperature  Change  of  a  One-Conductor  Lead- 
Covered  Cable 

In  order  to  develop  the  theory  of  temperature  rise  of  cables, 
one  might  follow  along  the  usual  lines  of  mathematical  physics, 
but  it  will  soon  be  evident  that  the  mathematical  difficulties 
are  such  that  a  rigorous  development  is  not  suitable  for  engineer- 
ing purposes.     The  following   discussion  may  be  of  interest. 

It  may  be  shown  experimenta^Uy  that  the  following  equation , 
which  is  only  approximately  true  but  sufficiently  so  for  engineer- 
ing use,  gives  the  rise  of  temperature  of  any  part  of  a  one-con- 
ductor cable  from  the  time  load  is  first  applied: 

e,  =  0,(l-€-^')  (1) 

in  which  Or  =  temperature  at  time  /  and  at  any  point  P  between 
the  conductor  and  the  lead  sheath  distant  r  from 
the  axis  of  the  cable,  including  also  the  conductor 
and  the  sheath. 
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0r  =  final  temperature  (at  /  —  <» )  at  the  point  P, 

€  =  base  of  Naperian  logarithms 

P  =  constant  for  any  given  cable  and  loading. 

With  this  assumption,  the  quantities  Or  and  )3  may  be  ex- 
pressed in  terms  of  known  physical  constants  and  the  dimensions 
of  the  cable. 

In  the  following,  all  temperatures  are  in  degrees  centigrade 
above  the  initial  temperature  assumed  constant. 

Let  w  =  watts  per  cm.  loss  in  cable  at  initial  temperature. 

a  ==  temperature  coefficient  of  copper  referred  to  initial 
temperature. 

0   =  temperature  of  conductor  at  time  / 

dr  =  temperature  of  insulation  at  time  /  at  point  distant  r 
from  cable  axis. 

0i  —  temperature  of  lead  sheath  at  time  / 

9    =  final  temperature  of  conductor. 

0r  ==  final  temperature  of  insulation  at  point  distant  r 
from  cable  axis. 

Oh  =  final  temperature  of  lead  sheath. 

Ci  =  thermal  capacity  of  conductor  in  watt-hr.  per  cm. 

Ca  =  thermal  capacity  of  insulation  in  watt-hr.  per  cm. 

Cz  =  thermal  capacity  of  sheath  in  watt-hr. /cm. 

p    =  density  of  insulation,  grams  per  cm.* 

c    =  specific  heat  of  insulation  watt-hr.  per  gram. 

X    =  volume  thermal  conductivity  of  insulation;    watts 
per  deg.  per  cm. 

h    =  surface  thermal  conductivity  of  sheath  to  air,  watts 
per  deg.  per  cm.* 

a  =  radius  of  conductor 

b    =  inner  radius  of  sheath 

dz  =  outer  diameter  of  sheath 

The  following  equation  expresses  mathematically  the  fact  that 
the  heat  generated  in  the  conductor  is  equal  to  that  stored  in 
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the  copper,  instilation  and  lead  plus  that  dissipated  at  the  surface 
of  the  lead. 


i 


w(H- 
Differentiate  equation  (1)  and 


dt  at  ^2) 


dj 
dt 


-J-  =  ^e«- 


fit 


dOr 

dt 


^-M,- 


fi* 


or, 


dOr 

dt 


Or   de 

e    ' dt' 


(3) 


d  0 
Substituting  this  value  for  -j-^  in  (2)  and  evaluating  the  inte- 
gral, we  find  after  substituting 


ki  =  — r,  ^2  =  Trdzh,  and  k  =  t — ; — t" 
a 


that 


w 


(1+a  <>)  =[  Ci  +  p  c  j  T  (fc«  -  a*)(l  +  ^^ 


irift* 


Or,  we  may  write  this  in  the  form: 


wd  +ae)  =  C  ^  +  ke 


(4) 


in  which 


C  =  Ci  +  />2Ca  +  piCt 
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^'"0  +  4irx)-(M^^^) 


.  ^     k,    ^  k_ 


In  practise,  we  may  approximate  further  and  put 

C  «  jC,  +  p{C»  +  Cz) 
The  integral  of  (4)  is 

k-aw\  )  ^  ^ 

Variable  Air  Temperature 

Since  the  change  of  air  temperature  in  a  duct  line  or  other 
location  where  cables  are  usually  installed  is  due  to  increased 
load  on  the  cables,  an  equation  of  form  (1)  will  express  the 
temperature  change  for  the  air.    Let  this  equation  be 

da  =  ea(l   -€-^«0  (6) 

in  which  the  temperatures  as  before  are  those  above  the  initial 
temperature. 

The  equation  of  heat  balance  for  the  cable  now  becomes 

«;(!  +  «»)  -  C^  +  *(&-fla)  (7) 

and  the  solution  is 


».e,(i-.-..)+-c(^)  (!-«-'") 


CT&  <'-«-'■>    <•' 


In  which 

w 
R  —  aw 


Digitized  by  LjOOQ IC 


1042  POWELL:    TEMPERATURE  RISE  [Sept.  5 

For  most  practical  purposes,  one  may  put'  /?«  =  j3  so  that  (8) 
becomes 

That  is,  the  final  temperature  of  the  conductor  is  greater 

k 

by  the  amount  r Qa  over  what  it  would  have  been  with 

^  k  —  aw 

constant  air  temperature. 
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Discussion  on  **Tbmpbrature  Risb  op  Insulated  Lead- 
Covered  Cables"  (Powell),  Seattle,  Wash.,  Sept.  6, 
1916. 

M.  T.  Crawford:  Reference  is  made  to  cables  in  duct  lines, 
stating  it  wiU  be  found  that  the  thermal  conductivity  of  a  duct 
line  is  constant.  A  formula  is  given  for  applying  this,  consider- 
ing the  temperature  of  the  air  in  the  ducts,  and  the  temperature 
of  the  air  at  the  surface  of  the  street.  There  is  one  thing  which 
should  be  considered  in  a  city  where  an  imderground  system  of 
steam  heating  service  is  maintained.  Steam  mains  or  steam 
service  pipes  frequently  parallel  and  cross  duct  lines,  and  the 
close  proximity  of  the  steam  pipe  has  quite  an  effect  on  the  cables 
or  the  duct  lines.  This  wiU  be  much  greater  in  winter  than  in 
summer.  If  the  steam  line  belongs  to  another  utility,  the  exact 
location  of  it  with  reference  to  the  duct  line  may  not  be  very  defi- 
nitely known.  Sometimes  a  steam  line  crossing  a  duct  line  at  right 
angles  may  create  a  hot  spot  in  a  location  which  would  not  be 
noticed  at  man  holes,  or  not  easily  discovered.  This  matter 
should  be  considered  in  addition  to  the  temperature  of  the  air 
in  the  ducts,  and  at  the  surface  of  the  street. 

L.  T.  Merwin:  I  think,  perhaps,  the  experience  of  the  North- 
western Electric  Company  in  Portland,  along  the  line  Mr. Craw- 
ford has  just  spoken  of,  has  been  a  little  more  severe,  possibly, 
than  he  has  had  here,  owing  to  the  type  of  construction,  in  the 
alignment  of  the  steam  heating  mains  with  the  electric  lines. 
Fortunately,  or  unfortimately,  as  the  future  may  determine,  our 
electric  duct  lines  in  those  streets  that  carry  steam  heating  mains, 
lie  over  or  beside  them.  We  have  noticed  no  discomfort  elec- 
trically or  physically  in  handling  the  operation  and  maintenance 
of  the  system  imder  ordinary  conditions.  But  in  our  last  sea- 
sonal high  water  period,  which  came  this  year  in  July,  rather  than, 
as  usual,  in  June,  owing  to  the  late  spring,  we  had  a  rather  dis- 
tressing set  of  conditions  to  combat.  It  was  the  first  time,  since 
our  system  was  installed,  that  we  had  had  very  high  water.  As  a 
matter  of  fact,  the  flood  stage  this  year,  reached  a  point  that  had 
been  reached  previously  only  twice  since  the  weather  bureau  has 
been  keeping  its  records.  While,  at  the  present  time,  for  in- 
stance, the  state  of  the  Willamette  River  is,  on  United  States 
Engineers*  gauge,  approximately  six  feet,  it  rose  to^  the  level  of 
23.9  feet  on  July  4th  and  6th.  That  put  the  steam  lines  under  water. 
So  far  as  I  know,  it  is  practically  impossible  to  make  the  instal- 
lation of  steam  lines  thoroughly  waterproof,  although,  probably 
if  we  had  forseen  just  the  situation  that  subsequently  arose,  we 
might  have  obviated  some  of  the  difficulty;  but  the  fact  remains 
that  the  steam  lines  were  under  water,  and  subject  to  a  consider- 
able infiltration.  The  electric  duct  lines  overlying  the  steam 
pipes  were  then  subjected  to  a  very  high  temperature,  due  to  the 
fact  that  the  ground  was  thoroughly  saturated,  and  the  moisture 
in  the  ground  was  heated  not  merely  to  the  boiling  point  of  water, 
but  practically  to  the  temperature  of  the  pressure  we  are  carrying, 
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namely,  about  six  or  seven  pounds, — say  227  or  228  degrees 
Fahrenheit.  The  electric  duct  lines  are  of  vitrified  clay,  the 
joints  presumably  not  the  best  especially  in  one  street,  where  the 
construction  was  carried  on  with  heavy  interurban  trains  run- 
ning beside  it,  so  that  there  was  more  or  less  settlement  when 
the  lines  wer6  laid.  We  had  the  pectdiar  anomaly  of  suffer- 
ing from  high  water  and  yet  being  face  to  face  with 
the  necessity  of  keeping  the  overlying  electric  duct  lines 
flooded  artificially  with  cold  water  in  order  to  keep  them 
cool.  Our  paper  insulated  cables  were  subjected  to  a  tem- 
perature of  228  degrees,  even  imagining  that  the  cables  were 
carrying  no  current.  Now,  over  the  evening  peak,  the  cables 
carried  a  current  which  would  normally  bring  them,  for  the  time 
of  the  peak,  to  something  approaching,  we  will  say,  150  degrees 
Fahrenheit.  Then,  in  addition  to  this,  they  were  subjected  to  a 
flat  temperature  of  228  degrees.  I  should  say  that  in  the  neigh- 
borhood of  14,000  feet  of  lead  covered,  paper  insulated  cable  was 
affected,  and  of  that,  we  had  failure  in  but  one  block.  Dtuing 
the  trouble,  and  subsequent  to  it,  I  have  been  endeavoring  to 
find  data  that  might  be  available  covering  the  quantitative 
value  of  the  deterioration  that  might  have  taken  place.  I  have 
been  tmable  to  find  anything  in  our  literature  on  the  sub- 
ject to  give  me  a  hint  as  to  what  I  might  expect  as  to  this  quan- 
titative value.  I  do  know  that  in  this  one  block,  we  had  one 
cable  fail.  Unquestionably,  we  must  attribute  it  to  the  excessive 
temperature,  but  whether  it  was  augmented  by  other  conditions, 
I  do  not  know.  Unfortimately,  the  trouble  arose  suddenly,  and 
our  force  being  small,  it  was  impossible  for  us  to  make  a  lot  of 
rapid  determinations  that  would  have  been  of  great  value  to 
have  on  record.  But  if  there  are  any  here  who  can  give  me  ap- 
proximately what  might  be  a  quantitative  value  of  the  deteriora- 
tion in  these  cables  that  I  might  expect  in  the  future,  I  wotdd  be 
only  too  glad  to  receive  it,  or  to  be  directed  to  any  literature 
that  may  be  printed  on  the  subject.  In  this  paper,  reference  is 
made  to  the  maximum  temperature  at  which  the  cable  may  be 
operated  indefinitely  without  undue  deterioration.  Whether 
there  is  a  time  element  involved  there —  presumably  there  is — 
I  don't  know.  In  our  case  for  a  period  of  at  least  24  days,  the 
temperature  of  certain  portions  of  our  cable  was  approximately 
220  degrees  Fahrenheit.  In  one  instance  where  a  steam,  service 
line  crossed  under  a  10,000-volt  lead-covered,  varnished-cloth  in- 
sulated cable,  there  was  a  failure — one  of  the  crossings  mentioned 
by  Mr.  Crawford.  The  cable  was  very  old — one  of  the  very 
early  ones — and  undoubtedly  the  breakdown  was  hastened  by  the 
excessive  temperature.  The  14,000  feet  of  cable  that  I  am  speak- 
ing of,  however,  is  not  high  tension.  It  is  single  conductor  used 
in  the  ordinary  three-wire  Edison  system. 

I  wish  to  bring  up  the  advisability  of  connecting  with  as  strong 
a  bond  as  possible,  the  neutrals  of  the  system  with  the  lead 
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sheaths,  so  as  to  increase  the  carrying  capacity  of  the  neutral  over 
and  above  the  conductivity  of  the  copper  that  is  already  in.  In 
other  words,  to  make  the  lead  sheath  act  as  a  part  of  the  neutral 
conductor.  If  there  are  any  present  who  have  followed  out  that 
system  and  have  had  any  bad  effects  from  it,  I  would  like  to  hear 
from  them.    The  author  advises  against  this  practise. 

J.  B.  Fisken:  In  regard  to  the  question  Mr.  Merwin  asked 
as  to  using  the  lead  sheath  as  part  of  the  neutral  conductor.  I 
believe,  where  a  street  railway  system  is  operated  from  the  same 
power  house  as  a  d-c.distribution  system  u^ing  the  same  ground  in 
the  power  house,  it  is  impossible.  A  number  of  years  ago,  when 
we  made  the  undergroimd  installation  of  our  d-c.  system  in 
Spokane,  we  put  in  bare  neutral  conductors,  and  we  found  that 
with  the  variations  on  the  street  railroad  load,  the  regulation  of 
our  lights  was  very  bad.  The  investigation,  of  cotu-se,  showed 
that  the  street  railway  current  was  coming  back  over  the  bare 
d-c.  neutral  and  causing  a  very  considerable  drop.  The  result 
was  that  we  had  to  take  out  all  the  bare  neutral  cables  we  had 
put  in,  and  put  in  covered  cables,  and  we  had  to  keep  our  cables 
insulated  to  just  the  same  degree  as  the  outside  wires. 

S.  C.  Lindsay:  We  connect  the  neutral  of  the  Edison  S3rstem 
to  the  negative  bus  of  the  railway  system  where  both  systems  are 
supplied  from  one  station,  but  do  not  ground  the  Edison  neutral 
at  any  other  point.  We  also  bond  all  the  lead-covered  cables 
together  in  each  manhole  and  connect  them  to  the  negative  bus 
of  the  railway  system  at  the  station,  and  have  had  no  trouble 
from  electrolysis  on  the  cable  sheaths  during  13-years  experience 
with  this  system  of  connections. 

Referring  to  another  part  of  Mr.  Powell's  paper,  he  says  that 
the  temperatiu^  of  the  duct  lines  should  be  taken  midway  be- 
tween manholes.  I  am  interested  to  learn  of  the  method  he  used 
to  obtain  temperatures  at  those  points.  Further  along  in  his 
paper,  where  he  gives  the  rating  of  cables  and  loads  to  be  placed 
on  them  at  different  temperatures,  it  seems  to  me  that  Mr. 
Powell's  investigations  do  not  enable  us  to  load  our  cables  any 
heavier  than,  nor  quite  as  heavy  as,  some  of  the  accepted  methods 
of  loading  that  we  have  been  using.  We  have  been  loading  our 
cables  for  a  nimiber  of  years  heavier  than  any  of  the  figures 
given  by  Mr.  Powell,  and  we  have  been  singularly  free  from  cable 
troubles. 

C.  R.  Collins:  The  author  of  this  paper  makes  the  statement 
in  connection  with  the  cables  in  duct  lines:  "The  problem  may 
conveniently  be  divided  into  two  parts:  viz.,  one  having  to  do 
with  heat  transference  from  the  air  in  the  ducts  to  the  earth  di- 
rectly in  contact  with  the  conduit,  and  the  other  with  transference 
from  the  earth  to  the  air  at  the  surface. '  *  I  do  not  see  that  he  has 
taken  into  consideration  the  fact  that  a  duct  might  be  hotter  at 
the  center  of  the  duct  line  than  it  would  be  near  the  edge.  If  we 
had  some  means  of  keeping  the  outside  of  a  duct  line  cool,  having 
it  in  contact  with  water  for  instance,  the  cable  in  the  center  duct 
would  get  much  hotter  than  those  in  the  outside  ducts.      GoOqIc 
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H.  W.  Buck:  We  had  considerable  experience  at  Niagara 
Falls  in  transmitting  large  amounts  of  current  over  large  single- 
conductor  cables,  at  25  cycles.  Our  experience  was  in«line  with 
the  paper,  as  to  the  serious  amount  of  heating  due  to  the  induced 
ciurent  in  the  lead  sheath.  A  one-million  circular  mil  cable 
with  an  ordinary  lead  sheath  carries  800  or  900  amperes.  If  the 
lead  sheaths  are  short-circuited  as  secondaries  tO'the  copper,  by 
connection  together  at  the  man-holes,  the  loss  in  the  lead  sheaths 
from  induced  currents  is  approximately  equal  to  the  copper  loss. 
The  question  naturally  arose  as  to  whether  these  lead  sheath 
currents  could  be  stopped  by  breaking  the  connection  between 
the  lead  sheaths.  It  could  easily  be  stopped,  but  when  the 
short-circuited  connections  were  removed  the  induced  voltages 
in  the  lead  sheaths  rose  in  some  cases  to  as  high  as  500  volts. 
On  this  account  we  found  that  the  damage  due  to  the  possible 
short-circuiting  of  these  lead  sheaths  with  an  arcing  contact, 
was  a  more  serious  matter  than  the  power  loss  due  to  the  current 
in  the  lead  sheaths. 

We  also  found,  as  referred  to  by  the  last  speaker,  that  the 
temperatures,  on  the  inside  ducts  of  a  group  of  ducts,  might  at 
times  rise  to  a  very  high  degree.  Heat  insulation  of  a  nest  of 
ducts  is  almost  perfect  to  the  inner  ducts.  We  were  obliged  to 
abandon  entirely  all  groupings  of  ducts  more  than  two  in  width, 
so  that  the  ducts  would  always  have  at  least  one  side  in  contact 
with  the  earth.  We  made  a  number  of  tests  on  the  heating  of 
conduits,  and  fotmd  wide  variations  due  to  the  seasons,  and  due 
to  the  character  of  the  surrounding  soil.  When  a  new  duct  line 
was  built,  it  did  for  a  while  operate  at  a  low  temperature.  It 
would  then  gradually  bake  the  moisture  out  of  the  surrounding 
earth,  until  the  earth  became  a  dry  powder,  and  then  the  tem- 
perature would  rise  to  a  very  much  higher  point.  These  wide 
variations  in  temperature,  due  to  fluctuating  conditions,  should 
make  engineers  extremely  cautious  in  estimating  maximum  tem- 
peratiu-es,  because  the  factors  which  enter  vary  within  such  wide 
limits. 

Transmission  of  large  alternating  currents  through  single- 
conductor  lead-covered  cables  should  be  avoided  as  much  as 
possible  on  account  of  the  eddy  current  heating.  Not  only  is 
the  heating  objectionable,  but  the  current  flowing  through  the 
joints  at  manholes  seems  to  have  a  disintegrating  effect. 

J.  B.  Fisken:  Might  I  ask  whether  that  was  an  alternating 
current? 

H.  W.  Buck:  Yes;  alternating  current;  and  the  higher  the 
frequency,  the  higher  the  eddy  ciurent  loss. 

S.  C.  Lindsay:  Was  any  attempt  made  to  cool  yoiu:  ducts  at 
Niagara  by  forcing  air  through  them  with  fans  ? 

H.  W.  Buck:  We  tried  various  methods,  and  the  air  cooling 
method  worked,  but  it  required  such  a  very  high  pressure  of  air 
that  the  power  required  was  prohibitive.  In  some  cases,  where 
it  was  necessary  to  operate  ducts  having  a  large  number  of 
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cables  in  a  group,  such,  for  instance,  as  6  by  6,  or  12  by  12,  we 
placed  water  pipes  through  every  other  duct  and  kept  a  stream 
of  water  flowing  through  them.  That  was  the  only  method 
which  we  found  satisfactory  for  cooling  the  ducts  under  certain 
conditions. 

S.  C.  Lindsay:  The  conditions  for  the  absorption  of  heat  into 
the  soil  were  rather  poor?  The  formation  there  is  principally 
rock. 

H.  W.  Buck:  Yes;  some  broken  rock,  and  some  sand  and 
clay. 

S.  C.  Lindsay:  Here  in  Seattle  where  the  groiuid  is  saturated 
with  water  most  of  the  time,  we  have  a  different  condition. 
However,  we  had  one  particularly  hot  place  in  our  underground 
system  where  we  installed  a  fan  in  a  manhole  and  ran  an  8  inch 
pipe  from  the  man  hole  to  a  pole  on  the  sidewalk,  and  extended  the 
pipe  about  twenty  feet  up  the  pole,  forcing  the  hot  air  through 
this  pipe  with  a  3-h.p.  induction  motor.  The  fan  has  been  in- 
stalled about  two  years  and  we  are  getting  results  from  it. 

H.  W.  Buck:  The  difficulties  at  Niagara  were  due  to  the 
large  currents  involved.  The  eddy-current  loss  in  the  lead 
sheath  increases  as  the  square  of  the  current  in  the  copper. 
We  foimd  that  the  permissible  loss  per  duct  foot  varied  from  a 
minimum  of  about  1  watt  per  duct  foot  to  5  watts  per  duct  foot, 
depending  upon  the  conditions  for  getting  rid  of  the  heat. 

L.  T.  Merwin:  May  I  ask,  if  it  were  applicable,  why  did  you 
not  merely  flood  the  ducts  with  water,  rather  than  run  a  water 
pipe  through  adjacent  conductors,  as  I  understand  you  did? 

H.  W.  Buck:  If  the  ducts  had  been  flooded,  the  manholes 
would  also  have  been  flooded,  and  it  was  easier  to  control  the 
water  by  isolating  it  in  pipes,  than  by  allowing  it  to  flow  freely 
through  the  ducts  themselves.  In  other  words,  it  was  not  quite 
such  a  sloppy  job. 

L.  T.  Merwin:     Would  not  the  manholes  have  stood  flooding  ? 

H.  W.  Buck:  No,  they  could  not  have  been  drained  in  this 
particular  case,  because  they  were  below  the  level  of  the  canal. 

C.  R.  Collins:  We  tried  the  plan  mentioned  by  Mr.  Merwin, 
and  found  the  water  had  disappeared  before  it  got  to  the  next 
manhole.     A  duct  line  will  not  always  hold  water. 

H.  W.  Buck:    That  is  true. 

R,  Howes:  I  would  like  to  ask  if  any  of  you  have  had  any 
experience  with  single-conductor  cable  on  three-phase  circuits 
under  water,  so  as  to  state  whether  there  is  any  electrolysis  be- 
tween the  lead-covered  cables? 

H.  W.  Buck:  Personally,  I  cannot  answer  that  question  from 
my  own  experience. 

L.  T.  Merwin:    Were  these  cables,  lead  cables? 

H.  W.  Buck:    Paper  and  rubber,  both.     Mostly  paper. 

L.  T,  Merwin  Have  you  any  means  of  knowing  what  limit 
of  temperatiure  was  reached  and  for  what  duration,  and  could 
you  place  a  value  on  the  deterioration  that  took  place  in  the 
insulation?  C  c^c^n\o 
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H.  W.  Buck:  The  temperature  rose  in  some  cases  so  high 
that  the  paper  insulation  was  entirely  carbonized. 

J.  B.  Fisken:  In  reference  to  the  remark  made  by  Mr.  Lind- 
say as  to  taking  temperatures  in  the  duct  lines.  I  don't  know 
whether  this  practise  is  followed  or  not,  but  it  seems  to  me  that 
in  installing  a  large  duct  line,  it  would  be  good  policy  to  leave  a 
space  vacant  in  the  center.  We  have  taken  temperatures  in  our 
•  duct  lines,  not  necessarily  in  the  center  of  the  duct  line,  but  in 
other  parts,  by  simply  pulling  in  a  registering  thermometer,  and 
leaving  it  there,  for  a  certain  time,  and  then  pulling  it  out  and 
reading  it.  I  believe  the  heat  in  the  center  duct  will  be  as  great 
as  in  any  in  that  duct  line,  especially  if  the  ends  were  closed  to 
permit  the  accimiulation  of  heat  in  the  duct.  And  then,  by 
putting  in  the  thermometer,  we  could  make  a  thermal  survey  of 
that  duct  line,  and  tell  very  closely  what  the  temperatures  were. 

H.  W.  Buck:  I  think  that  could  be  done  very  effectuaUy, 
but  it  should  be  remembered  that  the  temperature  of  the  duct 
is  not  a  correct  indication  of  the  temperature  of  the  copper  in- 
side of  the  cables.  The  temperature  gradient  must  be  steep  in 
order  to  force  the  heat  out;  consequently  duct  temperatures  are 
very  much  lower  than  temperatures  to  which  the  cable  insulation 
is  subjected. 

M.  E.  Cheney:  In  this  capacity,  I  would  suggest  exploring 
coils  in  the  center  of  the  conduit  lines,  midway  between  the  two 
manholes.  You  can  determine  the  temperattu-e  in  the  cable  by 
the  difference  in  the  resistance.  That  system  is  used  a  great 
deal  in  taking  temperatures. 

H.  W.  Buck:  That  method  was  adopted  by  Mr.  Fisher  in 
the  tests  referred  to  in  this  paper.  All  the  temperatures  were 
obtained  by  moving  exploring  coils  along  through  the  various 
ducts. 

W.  A.  Del  Mar:  There  are  two  conditions  which  Mr.  Powell 
has  not  considered  in  his  paper,  which  have  an  important  bearing 
upon  the  carrying  capacity  of  cables  in  ducts,  namely:  the  in- 
fluence of  neighboring  ca  blesin  reducing  the  continuous  and  short- 
time  rating  and  the  influence  of  the  thermal  capacity  of  the  ducts 
in  increasing  the  short -time  rating.  These  are  matters  of  the 
utmost  importance  but  unfortimately  experimental  data  are 
lacking.  In  the  absence  of  such  data  the  following  suggestions 
are  offered  for  discussion. 

The  influence  of  the  nimiber  of  similarly  loaded  cables  in  a 
conduit  line  may  be  estimated  as  follows,  assvuning  the  number  of 
ducts  to  always  equal  the  nttmber  of  cables.  Assuming  a  given 
temperature  rise  in  the  cable,  let 

n        =  Nttmber  of  outside  duct  faces  in  the  cross-section 

of  conduit  line. 
N       =   Ntunber  of  cables  in  the  conduit  line. 
d        =   Heat  dissipation  per  duct  face  per  foot. 
D        =   Heat  dissipated  per  cable,  per  foot. 
In       =   Current  per  cable  with  N  cables  similarly  loaded. 
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/i        =   Current  with  one  cable  in  a  one-duct  conduit  line. 
r         =    Resistance,  of  cable,  per  foot,  at  ultimate  temper- 


ture. 

Then.                                 DN  =  dn 

^-    N 

(1) 

By  Joule's  law, 

(2) 

when  the  cable  has  reached  its  ultimate  temperature. 

Combining  equation  (1)  and  (2), 

j,,V^     S/I 

(3) 

And, 

A  =\/I      v/4 

(4) 

(5) 

Thus  in  the  case  of  twelve  similarly  loaded  cables  in  twelve  ducts 
arranged  3x4,  N  =  12,  and  n  =  14  and  therefore  by  equation 
five,  _^ 


Hence,  due  to  the  neighboring  cables,  each  cable  will  carry  con- 
tinuously only  54  per  cent  of  what  it  would  carry  if  alone. 

Table  I  shows  the  estimated  influence  of  the  heat  storage 
capacity  of  tile  ducts  upon  the  short-time  rating  of  a  two-circular 
inch  cable.  The  temperature  rise  of  the  duct  is  purposely  under- 
estimated. 

TABLE  I. 


Weight 
Ib-ft. 

Specific 
heat 

Watt-hours 

per    deg. 

cent. 

Temp,  rise 
deg.  cent. 

Total  watt 
hr.  absorbed 

Copper 

6.18 
0.97 
4.54 
11.00 

0.094 
0.360 
0.031 
0.200 

0.31 
0.18 
0.074 
1.16 

74 
72 
69 
25 

23 

13 

6 

29 

Insulation 

Lead 

Duct 

ToUlT^^ 
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The  effect  of  the  tile  duct,  in  this  case,  is  to  add  at  least  70 
per  cent  to  the  effective  thermal  capacity  of  the  2-cir.  in.  cable, 
and  this  proportion  would  be  greater  with  smaller  cables.  In  the 
case  of  a  2-cir.  in.  cable,  the  two-hotu*  rating  would  be  increased 
at  least  20  per  cent  due  to  the  thermal  capacity  of  the  duct. 

A  table  of  reduction  factors  for  rectangular  duct  groups  is 
given  in  Table  II.  These  factors,  being  based  upon  the  assump- 
tion that  all  the  heat  generated  in  the  cables  is  dissipated  into 
the  earth  through  the  duct  walls,  are  incorrect  for  short-time 
ratings.  If  the  absorption  of  heat  by  cables  and  ducts  be  taken 
into  account,  the  reduction  factors  will  approach  unity,  the 
shorter  the  rating  period.  Thus,  the  one-minute  rating  of  a 
cable  would  scarcely  be  affected  by  the  number  of  adjacent  simi- 
larly loaded  cables,  as  practically  all  the  heat  generated  would  be 
absorbed  by  the  cable  and  duct.  The  two-hour  rating,  on  the 
other  hand,  depends  more  upon  the  heat  dissipation  than  upon 
the  heat  absorption  and  the  reduction  factors  may  be  used  with 
it,  without  great  error. 

Hence,  the  ratings  in  Table  II  are  derived  by  calculating  the 
two-hour  rating  for  one  cable  in  a  duct,  taking  into  account  the 
thermal  capacity  of  the  cable  and  duct,  and  then  multiplying  by 
the  duct  reduction  factors.  The  error,  due  to  the  assumption 
that  these  factors  are  correct  for  the  two-hour  rating,  will  not  be 
very  great  and  will  be  on  the  safe  side.  The  ratings  thus  obtained 
are  considerably  in  excess  of  those  usually  published,  in  spite  of 
the  low  reduction  factor  and  low  temperature  rise  (25  deg.  cent.) 
assumed  for  the  ducts.  Experimental  data  to  carefully  confirm 
this  table,  are  lacking,  but  several  observations  upon  cables  in 
large  groups,  indicate  that  the  ratings  given  for  sixteen  ducts  or 
more,  are  conservative. 

TABLE  II. 

CARRYING   CAPACITY   FOR  TWO   HOURS. 

Single  conductor.  2  cir.  in..  650  volts,  paper-lead  in  ducts.  (74deg.  cent.) 


Number 

Number 

of  ducts 

Factor 

Amperes 

of  ducts 

Factor 

Amperes 

1 

1 

2840 

28 

0.444 

1260 

2 

0.845 

2400 

32 

0.433 

1230 

3 

0.82 

2330 

36 

0.425 

1210 

4 

0.79 

2240 

40 

0.416 

1180 

6 

0.678 

1930 

44 

0.412 

1170 

8 

0.611 

1740 

48 

0.408 

1160 

12 

0.540 

1530 

52 

0.404 

1150 

16 

0.600 

1420 

56 

0.401 

1140 

20 

0.474 

1350 

60 

0.398 

1130 

24 

0.456 

1300 

64 

0.395 

1120 
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INDUCTIVE  INTERFERENCE  AS  A  PRACTICAL  PROBLEM 


BY    A.    H.    GRISWOLD   AND   R.    W.    MASTICK 


Abstract  of  Paper 

In  this  paper  are  given  a  review  of  the  factors  which  affect 
inductive  interference  in  telephone  circuits  from  high- voltage 
power  transmission  circuits,  a  presentation  of  the  practical 
considerations  regarding  the  reduction  of  the  interference,  and  a 
description  of  actual  cases  of  the  application  of  these  means  of 
reduction. 

Distinction  is  made  between  the  effect  of  balanced  and  of 
residual  voltages  and  currents  on  the  power  circuit  and  between 
the  effect  of  voltages  induced  between  the  wires  and  those  induced 
between  wires  and  ground. 

The  wave  shapes  of  the  voltages  and  currents  in  the  power 
circuits  have  a  very  important  effect  in  the  amount  of  inductive 
interference  in  telephone  circuits.  The  precision  of  the  electri- 
cal balance  of  the  power  circuit  is  also  important  because  of 
the  relatively  very  large  effects  of  unbalanced  voltages  and 
currents  in  producing  inductive  interference. 

A  discussion  is  given  of  the  principles  to  be  used  in  the  design 
of  coordinated  transposition  schemes  for  power  circuits  and 
telephone  circuits  which  parallel  each  other,  and  schemes  are 
described  which  have  been  devised  for  application  to  the  tele- 
phone circuits  in  order  to  simplify  the  design  of  transpositions 
in  the  power  circuits  which  make  it  possible  to  balance  the  • 
induced  voltages. 

A  detailed  discussion  is  ^ven  of  three  particular  cases  of 
parallels  showing  the  application  to  them  of  the  different 
methods  bjr  which  inductive  interference  can  be  reduced.  In  the 
appendix  is  an  outline  of  information  regarding  parallels  in- 
tended to  facilitate  the  determination  of  the  remedial  measures 
desirable  in  any  given  case  for  reducing  inductive  interference. 


rE  discussions  of  the  subject  of  Inductive  Interference 
hitherto  presented  before  the  Institute  and  in  the  technical 
press,  have  dealt  chiefly  with  the  technical  aspects  of  the  prob- 
lem. Very  little  has  been  said  to  show  how  the  conclusions 
theoretically  and  experimentally  established  can  be  practically 
and  successfully  employed  for  the  solution  of  problems  in  the 
field.  It  is  the  purpose  of  this  paper  to  review  some  of  the  im- 
portant aspects  of  inductive  interference  and  to  indicate  by  means 
of  concrete  examples,  the  solution  of  some  of  the  practical  prob- 
lems met  in  the  field.    It  will  be  our  endeavor  to  show  the  sim- 
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plicity  of  remedial  measures  in  general  in  an  effort  to  correct 
the  idea  prevalent  among  those  who  have  not  had  time  to  care- 
fully study  the  problem,  that  the  measures  developed  to  date 
are  impracticable  and  burdensome. 

Before  proceeding  to  the  discussion  of  remedial  measures  and 
their  application,  we  believe  it  well  to  again  review  briefly,  the 
factors  involved,  through  which  inductive  interference  arises. 
An  understanding  of  these  factors,  and  their  relative  importance, 
is  necessary  in  order  to  appreciate  the  significance  of  the  remedial 
measures. 

In  what  follows,  three-phase  three-wire  power  circuits  and 
metallic  telephone  circuits,  physical  or  phantom,  are  assumed. 
We  are  concerned  with  voltages  induced  in  the  telephone  circuit 
through  two  phenomena — electric  and  magnetic  induction.  Both 
effects  are  always  present,  and  they  combine  to  produce  the  re- 
sultant ^disturbance  noted. 

The  voltage  induced  in  the  telephone  circuit  electrically  and 
magnetically  can  be  classified  as: 

1.  Between  the  two  sides  of  the  circuit  (referred  to  through- 
out this  paper  as  the  transverse  effect). 

2.  Between  the  two  sides  of  the  circuit  and  ground,  or  along 
the  circuit  (referred  to  throughout  this  paper  as  the  longitu- 
dinal effect). 

The  transverse  induced  voltages  regulating  through  line  im- 
pedances cause  currents  in  the  terminal  apparatus.  The  long- 
itudinal induced  voltages,  in  addition  to  raising  the  telephone 
circuit  to  a  potential  with  respect  to  earth  which  may  be  danger- 
ous, cause  currents  in  the  telephone  circuit  owing  to  the  differ- 
ences in  series  impedances  and  admittances  to  ground  of  the 
two  sides  of  the  circuit. 

A  perfectly  balanced  power  or  telephone  circuit  may  be  de- 
fined as  one  in  which  the  series  impedances  of  the  several  phases 
and  the  admittances  between  the  several  phases  and  ground  are 
exactly  the  same  at  every  point. 

If  it  were  possible  to  construct  a  perfectly  balanced  telephone 
circuit,  there  could  be  theoretically  no  transverse  induced  vol- 
tage, regardless  of  the  magnitude  of  longitudinal  induced  voltage 
provided  that  a  sufficiently  large  number  of  exactly  spaced  trans- 
positions were  placed  in  it  so  as  to  equalize  the  induced  voltages 
in  each  side. 

Conversely,  if  it  were  possible  to  construct  a  perfectly  balanced 
power  circuit,  there  could  be  theoretically  no  voltages  induced 


Digitized  by  LjOOQ IC 


1916]  INDUCTIVE   INTERFERENCE  1053 

on  a  parallel  telephone  circuit,  provided' that  a  sufficiently  large 
number  of  exactly  spaced  transpositions  were  placed  in  it  so  as 
to  expose  each  phase  of  the  power  line  equally  to  the  telephone 
line. 

In  practise,  .the  balance  of  neither  power  nor  telephone  circuits 
can  be  made  perfect  as  defined  above,  and  it  is,  therefore,  neces- 
sary, in  order  to  avoid  induction  into  paralleled  telephone  cir- 
cuits, to  balance  both  power  and  telephone  circuits  as  well  as 
practicable,  and  also  transpose  both  circuits  with  due  regard  to 
one  another. 

It  is  convenient  to  consider  the  voltages  and  currents  in  the 
power  circuits,  which  cause  induction,  as  consisting  of  two  com- 
ponents: 

1.  Balanced  voltages  and  currents. 

2.  Residual  voltages  and  ciurents. 

The  balanced  components  are  three  voltages  or  currents  equal 
in  magnitude,  displaced  120  degrees  in  time-phase  with  respect 
to  one  another,  and  whose  vector  sum  is,  therefore,  zero. 

Single-phase  loads  connected  between  wires  cause  voltage  and 
current  components  whose  effects  are  very  similar  to  those  of 
balanced  three-phase  voltages  and  currents,  and  are  treated  in 
a  like  manner. 

The  residual  components  are  three  voltages  or  currents  equal 
in  magnitude,  in  common  time-phase,  and  whose  vector  sum  is, 
therefore,  not  zero.* 

The  balanced  voltages  and  currents  are  those  which  perform 
the  useful  functions  of  the  power  system.  On  the  other  hand,  it 
is  significant  and  fortunate  that  the  residual  voltages  and  cur- 
rents are  not  essential  to  the  operation  of  the  power  system. 

Balanced  voltages  and  currents  are  common  to  either  of  the 
two  general  types  of  power  systems  (grounded  or  isolated),  and 
the  remedial  measures  for  the  mitigation  of  inductive  effects 
arising  therefrom  are  identical.  This  is  not  true  of  the  residual 
voltages  and  currents.  These  arise  from  different  sources  in  the 
two  types  of  power  systems,  and  generally  exhibit  character- 
istics peculiar  to  the  particular  type  of  system. 

The  remedial  measures  for  their  mitigation  are  also  dis- 
tinctly different. 

Thus,  it  will  be  seen  that  there  are  two  different  phases  of  the 
general  problem  of  inductive  interference,  i.e., 

*See  Appendix  II,  Report  of  Joint  Committee  on  Inductive  Inter- 
ference.    A.  I.  E.  E.  Transactions,  Volume  XXXIII,  p.  1461. 
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1.  The  mitigation  of  induction  arising  from  the  balanced  vol- 
tages and  currents,  requiring  remedial  measures  which  are  the 
same  whether  the  power  system  be  isolated  or  grounded. 

2.  The  mitigation  of  residual  voltages  and  currents  requiring 
remedial  measures  peculiar  to  the  particular  type  of  power  system 
involved. 

Residual  voltages  and  currents  may  arise  in  different  types  of 
power  systems  from  one  or  more  sources  which  act  singly  or 
together. 

On  grounded  systems,  the  principal  sources  of  residual  vol- 
tages and  currents  are: 

1.  Unbalanced  loads  between  the  three-phases  and  neutral, 
causing  unbalanced-load  currents  to  flow  through  the  neutral 
to  earth. 

2.  The  third  harmonic  and  its  odd  multiples,  due  to  a  variation 
of  permeability  of  the  iron,  occur  in  common  time-phase  in  the 
three  phases  of  the  transformer  banks,  thus  giving  rise  to  a  resid- 
ual component  of  voltage  and  current  in  the  connected  trans- 
mission lines. 

On  systems  isolated  from  ground,  the  principal  source  of  re- 
sidual voltages  and  currents  is: 

Unbalanced  capacitance  and  conductance  between  the  several 
phases  and  ground.  The  conductance  factor  is  generally  of  minor 
importance  on  well  constructed  and  maintained  systems. 

The  tendency  in  the  best  power  system  design  and  operation 
is  inherently  toward  practises  which  reduce  the  possibility  of 
large  residuals.  Moreover,  the  majority  of  the  future  parallels 
with  communication  circuits  will  undoubtedly  be  short,  owing 
to  the  increasing  tendency  of  both  power  and  telephone  companies 
to  seek  private  rights-of-way.  Were  this  not  so,  the  problem 
of  mitigation  of  residuals  would  be  as  difficult  to  combat  in 
the  future  as  it  is  at  present.  With  the  increased  attention  being 
devoted  to  this  matter  we  expect  that  the  longitudinal  effects 
of  residual  voltages  and  currents, will,  in  the  shorter  parallels, 
be  reduced  to  magnitudes  small  enough  to  be  relatively  unimpor- 
tant. 

It  must  be  realized  that  the  inductive  effect  per  volt  or  ampere 
of  residual  voltage  or  current  is  proportionately  far  greater 
than  for  equal  amounts  of  balanced  voltage  or  current.  It  should 
be  clearly  understood  that  the  mitigation  of  residuals  where 
parallels  of  considerable  length  are  involved  is  of  great  importance. 
The  longitudinal  effect  then  becomes  of  importance  by  main- 
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taining  the  telephone  circuit  as  a  whole  above  ground  potential 
and  producing  a  transverse  effect  by  virtue  of  the  unbalances 
inherent  to  commercial  circuits. 

The  wave  forms  have  much  to  do  with  the  severity  of  induc- 
tion. Higher  harmonics  are  present  in  both  vgltages  and  cur- 
rents and  their  power  of  producing  disturbances  increases  with 
very  great  rapidity  up  to  about  800  cycles.  Practically  all 
noise  in  telephone  circuits  caused  by  induction  from  power 
circuits  arises  from  the  higher  harmonic  voltages  and  currents. 
Were  these  entirely  absent,  the  problem  of  inductive  inter- 
ference would  be  indeed  simple  of  solution,  for  then  we  should 
have  to  deal  with  only  the  fundamental  frequency  which  is 
scarcely  audible  to  the  human  ear. 

The  frequency  and  magnitude  of  these  attendant  harmonics 
should  determine  the  extent  of  remedial  measures  to  be  applied 
owing  to  the  variation  in  effectiveness  of  given  remedial  measures 
and  severity  of  induction  with  the  frequency. 

Another  important  phase  of  the  problem  is  the  question  of 
abnormal  conditions,  accidental  or  otherwise,  on  the  power 
system.  An  abnormal  condition  in  any  type  of  power  system, 
whether  it  be  due  to  an  accidental  ground,  short  circuit,  open- 
circuit  or  switching  operation,  produces  a  great  increase  in  the 
residual  voltage  or  current,  or  both,  of  the  system  momentarily, 
or  for  a  considerable  period  of  time,  as  the  case  may  be. 

On  a  star-connected  grounded-neutral  system,  an  abnormal 
condition  generally  produces  a  large  residual  current  which 
is  approximately  equal  to  the  short-circuit  current  to  ground 
(if  the  condition  be  one  of  a  grounded  phase)  on  that  portion  of 
the  circuit  between  the  sources  of  power  supplying  the  fault  and 
the  point  where  the  fault  occurs,  or  if  the  fault  be  an  open  one  in 
phase,  the  residual  current  will  equal  the  unbalanced-load  cur- 
rents flowing  in  the  other  two  phases.  A  residual  voltage  is 
created  in  proximity  to  the  fault  and  in  certain  instances  through- 
out the  length  of  the  circuit  from  the  fault  to  the  receiving 
transformers,  which  voltage  approaches  as  a  maximum  68  per 
cent  of  the  voltage  between  phases. 

On  an  isolated  system,  a  ground  on  one  phase  causes  a  large 
residual  voltage  throughout  the  entire  length  of  the  circuit 
whose  magnitude  is  173  per  cent  of  the  voltage  between  phases. 
A  residual  current  is  created  in  proximity  to  the  fault,  its  magni* 
tude  depending  upon  the  extent,  voltage  and  frequency  of  the 
system. 
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Fortunately,  abnormal  conditions  are  becoming  less  frequent, 
owing  to  the  demand  for  greater  continuity  of  service,  leading 
to  better  construction  of  power  lines  and  to  the  use  of  better 
apparatus.  There  have  been  no  remedial  measures  developed 
which  can  adequately  care  for  the  inductive  disturbances  atten- 
dant to  abnormal  conditions  of  power  lines,  nor  are  such  expected. 

It  is,  therefore,  a  question  of  reducing  to  a  minimum  the  acci- 
dents on  the  power  lines  by  proper  construction  and  maintenance 
and  of  using  methods  and  apparatus  in  switching  which  shall 
incur  the  least  possible  disturbances. 

The  difficulties  encountered  in  attempting  to  mitigate  the 
disturbances  under  abnormal  power  circuit  conditions  consti- 
tute an  additional  reason  why  it  is  very  desirable  to  avoid 
parallelism  wherever  possible. 

As  an  instance  in  which  the  use  of  improved  •  methods  and 
apparatus  have  resulted  in  a  material  reduction  of  transient 
disturbances,  the  charging  of  electrolytic  lightning  arresters 
can  be  cited.  Since  the  adoption  of  the  four-tank  electrolytic 
lightning  arrester,  the  use  of  charging  resistances  and  metallic 
contact  during  charging,  the  formerly  serious  transient  distur- 
bances experienced  on  parallel  telephone  lines  at  times  of  charg- 
ing, have  been  largely  reduced. 

The  configuration  and  spacing  of  the  power-circuit  conductors 
has  an  important  bearing  on: 

1.  The  liability  to  short-circuits  on  the  line. 

2.  The  residual  voltage  (of  an  isolated  system). 

3.  The  resultant  induction  from  balanced  components. 
Since  the  last  two  items  can  be  cared  for  by  transposition, 

the  first  is  of  chief  importance. 

Vertical  configuration  of  a  power  circuit  renders  it  liable  to 
short-circuits  where  snow  and  sleet  are  encountered. 

The  equilateral  triangle  is  far  superior  to  either  vertical  or 
flat  construction  with  respect  to  residual  voltage  caused  by 
capacitance  unbalance.  The  wishbone  configuration  is  inter- 
mediate. For  induction  from  balanced  components,  the  differ- 
ences are  less  marked,  the  flat  configuration  causing  the  most 
induction. 

The  configuration  of  telephone  circuits  is  standardized  to  a 
far  greater  degree,  and  since  transposition  is  comparatively 
inexpensive  and  effective,  the  configuration  of  telephone  cir- 
cuits is  relatively  unimportant  with  regard  to  the  mitigation 
of  induction. 
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For  the  mitigation  of  inductive  effects  produced  by  the  bal- 
anced voltages  and  currents,  transpositions  offer  the  most 
feasible,  simple  and  effective  means  developed  to  date.  A  trans- 
position in  a  circuit  interchanges  the  positions  occupied  by  its 
conductors.  In  a  three-phase  power  circuit,  a  transposition 
changes  the  phase  of  the  induction  produced  by  the  balanced 
voltages  and  currents  by  120  degrees.  Thus,  by  locating  power- 
circuit  transpositions  so  that  each  conductor  occupies  all  of 
the  several  conductor  positions  for  equal  distances,  a  "barrel" 
is  obtained  within  which  the  vector  sum  of  the  induced  voltages 
on  an  untransposed  parallel  circuit  is  zero.  The  effect  of  trans- 
posing a  power  circuit  may,  therefore,  be  said  to  be  one  of 
neutralization. 

A  transposition  in  a  telephone  circuit  changes  the  phase  of 
the  induced  transverse  voltage  by  180  degrees,  that  is,  it  reverses 
in  successive  lengths  the  phase  of  the  induction  between  the  two 
sides  of  the  circuit.  Transposition  of  a  telephone  circuit,  there- 
fore, exposes  each  side  of  the  circuit  equally  to  the  influence  of 
the  power  circuit,  and  the  effect  may  be  said  to  be  one  of  equali- 
zation. It  should  be  noted  that  the  phase  of  the  longitudinally 
induced  voltage  is  in  no  wise  changed  by  transpositions  in  the 
telephone  circuit. 

This  change  of  phase  of  the  induction  into  a  telephone  circuit 
by  transposition  in  either  the  power  or  telephone  circuit,  or 
both,  affords  a  means  of  reducing  inductive  effects  in  that  the 
induction  in  one  section  may  be  largely  neutralized  by  the  in- 
duction in  neighboring  sections. 

A  proper  adjustment  of  neutralization  and  equalization  effects 
by  transpositions  in  both  power  and  telephone  circuits  con- 
stitutes a  "co-ordinated  transposition  scheme'*  as  referred  to 
throughout  the  remainder  of  this  paper. 

In  Fig.  1  is  shown  a  co-ordinated  transposition  scheme  in 
the  case  of  a  three-phase  power  circuit  and  a  simple  metallic 
telephone  circuit.  Let  the  three  configurations  of  the  power 
circuit  be  designated  A,  By  C.  Let  a  and  a'  denote  the  length 
of  telephone  circuit,  exposed  to  configuration  A;  6,  6'  and  CyC' 
are  similarly  defined.  Primes  denote  that  there  is  an  odd 
number  of  telephone  transpositions  between  the  given  length 
and  the  reference  section  of  the  telephone  conductor.  For 
balance  to  induction  the  lengths  a,  a',  6,  6',  c,  c*  must  fulfill  the 
relation 
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Longitudinal  induction  balance  for  balanced  voltages  and 
currents  is  obtained  when  the  condition 

2  (a  +  a')  =  S  (6  +  b')  =  S  (c  +  c') 

is  fulfilled. 

Transverse  induction  balance  for  balanced  voltages  and  cur- 
rents is  obtained  when  the  condition 


is  fulfilled. 


S  (a  -  a')  =  S  (6  -  60  =   S  (c  -  C) 
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The  system  of  "barreling"  shown  in  Fig.  1  is  called  "continuous 
barrelling."  In  practise  where  long  uniform  parallels  occur, 
it  is  possible  and  many  times  desirable  to  modify  the  co-ordinated 
system  shown  in  Fig.  1  by  omitting  every  third  power  transposi- 
tion as  depicted  in  Fig.  2,  thus  obtaining  a  system  of  "non- 
continuous  barrelling." 

The  same  conditions  for  balance  hold  for  this  system  as  given 
for  continuous  barrelling  shown  in  Fig.  1.    The  only  advantage 
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Fig.  2. 


of  continuous  barrelling  over  non-continuous  is  that  balance  is 
obtained  in  any  three  consecutive  sections  regardless  of  the  point 
of  starting. 

Power  circuit  transpositions  with  reversed  rotation  are  some- 
times used  when  it  is  necessary  to  obtain  an  exposure  of  a  partic- 
ular phase  in  a  particular  section  to  balance  with  another 
type  exposure  in  some  other  section  of  the  parallel.  A  simple 
illustration  is  shown  in  Fig.  3. 
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It  is  interesting  to  note  that  the  use  of  reversed  power  trans- 
positions in  the  manner  shown  also  results  in  not  altering  the 
relation  of  power  wires  at  ends  of  the  parallel.  Reversing  the 
rotation  of  a  power  circuit  transposition  changes  the  phase  of 
the  induction  in  the  section  of  parallel  immediately  beyond  the 
transposition  by  240  degrees.  Since  a  telephone  transposition 
changes  the  phase  of  the  induced  voltage  by  180  degrees,  it  is 
obviously  immaterial  whether  the  rotation  of  telephone  trans- 
positions be  normal  or  reversed.  Normal  rotation  is  considered 
as  that  of  the  existing  transpositions  in  a  given  power  line. 

Transpositions  of  the  power  circuit  in  no  way  changes  the 
phase  or  magnitude  of  induction  produced  in  telephone  circuits 
by  residual  voltages  and  currents,  except  in  so  far  as  it  changes 
the  residual  voltages  and  currents  themselves,  which  happens 
in  some  cases. 
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Fig.  3 

Longitudinal  induction  from  the  residual  voltages  and  cur- 
rents cannot  be  reduced  by  either  power  or  telephone  trans- 
positions. It  follows,  therefore,  that  the  reduction  or  elimination 
of  longitudinal  induction  from  residual  voltages  and  currents 
must  come  about  through  a  reduction  or  elimination  of  the 
residuals  themselves  in  the  power  system. 

Transposition  of  the  telephone  circuit  is  an  effective  means 
for  reducing  the  transverse  induced  voltage  produced  by  resid- 
ual voltages  and  currents^ 

Transverse  balance  for  induction  from  residual  voltages  and 
currents  is  obtained  when  the  condition  (see  Figs.  1,  2,  or  3). 

I{a  +  b  +  c)  ^  S(a'  +  b'  +  C) 

is  fulfiUed. 

When  the  conditions  for  balance  cited  above  are  not  fulfilled 
the  unbalanced  exposures  are  as  follows: 
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Type  of 
Induction 

Component  of 

power  circuit 

voltage  or 

current 

Length  of  unbalanced  exposure 

Longitudinal 

m 

Balanced 

Residual 
Balanced 

Residual* 

2(a-a')/0**  +Z(6  -  b')  /120**  +  2(c  -  c') 

/240** 
2(a  +  6  +  c)  -  2(a'  +  6'  +  c') 
2(a  +  a')  /O*  +  2(6  +  b')  /120*  + 

2(c  +  ^')  /240'' 
Z(a  +6  +c  +a'  +6'+c') 

^Independent  of  all  transpositions. 

The ''unbalanced  exposure"  is  the  length  of  exposure  between 
untransposed  telephone  and  power  circuits  which  will  produce 
inductive  effects  of  the  same  magnitude  as  those  produced  in  the 
actual  exposure  of  the  same  configuration  with  the  given  trans- 
positions in  telephone  and  power  circuits. 

The  unbalanced  exposures  of  different  circuits  in  any  given 
parallel  are  of  value  to  indicate  the  relative  severity  of  the 
induction  in  the  different  circuits,  and  those  corresponding  to 
different  transposition  systems  for  a  given  parallel  are  indicative 
of  the  relative  effectiveness  of  such  transposition  systems. 

Summing  up  from  the  discussion  above;  the  various  factors 
involved  and  the  conditions  for  induction  balance  between  power 
and  telephone  circuits  may  be  simply  tabulated  as  follows: 


TABLE   II. 


Component  of 

Balance  depends 

Type  of 

power  circuit 

Condition  for 

on  transpositions 

induction 

voltage  or 
current 

balance 

in 

Transverse 

Balanced 

2(a  -a')  -  2(6  -  6')  « 
2(«  -  c') 

Both  lines' 

m 

Residual 

Z{a+b  +c)  «  2(a'  +  6'  +  c') 

Telephone  line 

Longitudinal 

Balanced 

2(a  +  a')  -  2(6  +  6')  - 
2(i;  +  O 

Power  line 

m 

Residual 

~~ 

~~" 

The  application  of  telephone  transpositions  in  a  manner  to 
obtain  the  conditions  for  balance  indicated  in  Table  II  is  subject 
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in  practise  to  the  condition  that  on  telephone  leads  carrying 
more  than  one  circuit,  it  is  necessary  to  provide  against  induction 
from  one  telephone  circuit  into  another,  commonly  referred  to 
as  **crosstalk".  This  necessitates  a  complicated  telephone  trans- 
position system  to  provide  balance  for  induction  from  outside 
sources  such  as  power  lines  and  also  among  all  the  circuits  on  the 
telephone  lead. 

Even  though  it  were  possible  in  practise  to  fulfill  exactly  the 
conditions  for  balance  as  indicated  in  Table  II,  there  would  still 
be  present  some  inductive  effect  because  of  the  changes  in  phase 
and  magnitude  of  the  voltages  and  currents  along  the  power  line. 
This  point  has  an  important  bearing  on  the  length  of  the  power- 
circuit  barrel,  for  it  is  necessary  in  order  that  this  effect  be  ren- 
dered sufficiently  small,  that  the  conditions  for  balance  outlined 
in  Table  II  be  fulfilled  within  as  short  a  length  of  exposure  as  is 
practicable.  In  practise,  it  has  been  found,  in  some  cases,  that 
barrels  in  the  power  circuit  six  miles  in  length  are  satisfactory. 
Except  under  very  severe  exposure  conditions,  we  believe  that 
barrels  in  the  power  circuit  three  miles  in  length  will  afford  a 
satisfactory  soltrtion  when  uniform  sections  of  parallel  are  long 
enough  to  permit  their  use. 

Points  of  discontinuity  within  a  parallel,  such  as  changes  in 
configuration  of  either  power  or  telephone  circuit,  large  changes 
in  the  separation  of  the  two  lines,  crossovers,  branch  loads,  load- 
ing points  in  the  telephone  line,  or  in  fact  any  points  at  which  an 
abrupt  change  in  magnitude  or  phase  of  the  power  line  voltages  or 
currents  or  induced  voltages  occurs,  should  in  general  be  made 
neutral  points.  In  other  words,  balance  to  induction  should  be 
obtained  between  such  points  of  discontinuity  independently  of 
the  remainder  of  the  parallel.  Thus  the  number  of  and  distance 
between  points  of  discontinuity  is  a  controlling  factor  in  deter- 
mining the  length  of  power-circuit  barrel.  It  should  be  noted  in 
this  connection  that  a  loading  coil  in  the  telephone  circuit  is  a 
discontinuity  with  respect  to  the  transverse  induced  voltage, 
but  not  with  respect  to  the  longitudinal  induced  voltage,  since 
the  loading  coils  are  non-inductively  connected  in  the  circuit 
formed  by  the  telephone  wires  and  ground. 

Crossovers  of  power  and  telephone  lines  within  the  parallel 
are  in  general  considered  as  points  of  discontinuity.  In  some 
cases,  however,  where  the  same  separation  obtains  between  the 
power  and  telephone  lines  before  and  after  crossover,  it  is  pos- 
sible by  interchange  of  the  pin  positions  of  the  power  wires  to 
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make  the  crossover  equivalent  to  a  transposition  in  the  telephone 
circuit,  or  in  both  the  power  and  telephone  circuits.  If  the  cross- 
over is  treated  in  such  a  manner,  it  need  not  be  considered  as  a 
point  of  discontinuity. 

In  Fig.  4  are  shown  several  types  of  crossover  transpositions 
represented  by  the  terms  **0°  crossover**,  ''120®  crossover"  and 
**240®  crossover**  which  number  of  degrees  has  reference  to  the 
change  in  phase  of  the  longitudinal  induced  voltage  between  the 
two  sections  immediately  adjacent  to  the  crossover. 

It  has  been  previously  pointed  out  that  transposition  of  the 
telephone  circuit  is  an  effective  remedy  for  reducing  the  trans- 
verse induction  from  residual  voltages  and  currents;  that  long- 
itudinal induction  from  the  same  source  cannot  be  cared  for  by 
either  power  or  telephone  transpositions,  hence  must  be  reduced 
by  a  reduction  of  the  residual  voltages  and  currents  within  the 
power  system. 
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In  the  type  of  power  system  isolated  from  ground,  the  problem 
of  reducing  residual  voltages  and  currents  is  a  comparatively 
simple  one.  Earlier  herein  it  was  stated  that  the  principal 
source  of  residual  voltage  and  current  in  systems  isolated  from 
ground  is  the  unbalanced  capacitance  between  the  several  wires 
of  the  circuit  and  ground.  Hence  the  remedial  measure  ob- 
viously necessary  is  a  balancing  of  these  capacitances  to  ground. 
This  is  most  readily  accomplished  by  transposing  the  power  line 
throughout  its  extent  (including  all  the  lines  metallically  con- 
nected to  the  one  in  the  parallel)  so  that  each  conductor  occupies 
the  several  pin-positions  for  equal  distances. 

To  a  company  operating  an  isolated  system  of  large  extent, 
this  remedy  appears  to  be  a  severe  and  costly  measure,  unless 
very  few  and  widely  separated  transpositions  will  accomplish 
the  desired  result.  In  general,  practise  indicates  that  transposi- 
tions for  this  purpose  can  be  relatively  few  and  widely  separated. 
Here  again  in  determining  the  length  of  barrel  required,  the  wave- 
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shape  of  the  residual  voltage  is  a  dominant  factor,  since  with  the 
higher  frequencies  shorter  barrels  are  necessary. 

It  does  not  seem  probable  that  barrels  of  less  than  6  miles  in 
length  will  generally  be  required  and  in  some  cases  longer  barrels 
will  be  sufficient.  Branch  lines,  switching  points  and  changes  of 
configuration  must  be  taken  into  account  and  frequently  fix  the 
length  of  barrel. 

In  the  construction  of  new  lines,  it  is  a  very  simple  and  inex- 
pensive matter  to  cut  in  transpositions  at  reasonable  distances 
to  accomplish  the  reduction  of  residual  voltage  without  detri- 
ment to  the  operation  of  the  system.  Then  if  parallelism  occurs 
in  the  future,  the  only  transpositions  required  would  be  in  and 
near  the  parallel. 

With  existing  parallels,  it  may  or  may  not  be  necessary  to 
transpose  the  power  line  outside  the  parallel,  depending  upon 
the  severity  of  the  exposure.  In  any  event,  all  of  the  measures 
should  be  applied  within  the  parallel  and  found  insufficient  before 
giving  consideration  to  this  point. 

In  the  type  of  power  system  operated  with  a  star  connection 
of  transformers  and  grounded  neutral,  the  reduction  of  residual 
voltages  and  currents  is  not  so  readily  accomplished  as  in  the 
case  of  systems  isolated  from  ground.  Two  principal  sources  of 
residual  voltages  and  currents  for  this  type  of  system  have  been 
previously  mentioned  herein;  namely,  unbalanced  loads  be- 
tween the  three-phases  and  neutral,  and  the  introduction  of  the 
third  harmonic  and  its  odd  multiples  as  residuals. 

The  obvious  measure  against  the  former  is  the  removal  of  all 
grounded  neutrals  but  one,  thus  removing  the  ground  path  for 
the  unbalanced  currents.  In  some  cases  this  may  not  always  be 
considered  safe  or  feasible,  particularly  if  the  network  be  of  large 
extent.  There  seems  to  be,  however,  a  growing  tendency  on  the 
part  of  power  companies  operating  systems  of  large  extent  to- 
ward the  elimination  of  the  ground  connection  at  all  but  im- 
portant generating  and  switching  points.  Since  the  use  of  ground- 
ed single-phase  loads  has  almost  disappeared  from  practise  with 
the  larger  power  companies,  it  is  now  generally  true  that  power 
circuits  operated  by  such  companies  can  be  very  well  balanced 
as  to  magnitude  of  load  current  in  the  three  phases  and  the  un- 
balanced load  current  can  usually  be  practically  eliminated. 

The  introduction  of  the  triple  harmonics  as  residual  voltages 
and  currents  is  the  chief  problem  of  the  grounded  neutral  sygtem. 
Since  these  triple-harmonic  voltages  and  cturents  are  introduced 
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through  the  effect  of  variable  permeability  of  iron  in  transformers 
and  as  their  magnitude  is  directly  dependent  upon  the  magnetic 
density  at  which  the  transformer  is  operated,  this  type  of  re- 
sidual is  reduced  by  operating  the  transformers  below  their  rated 
voltage.  There  is  no  doubt  that  the  practise  of  operating  trans- 
formers over  rated  voltage  is  the  cause  for  the  large  residual 
current  of  triple  frequencies  observed  on  star-connected  systems, 
since  the  magnitude  of  these  harmonics  increases  very  rapidly 
as  the  transformer  iron  approaches  magnetic  saturation. 

The  employment  of  the  delta-star  connection  of  transformers 
on  grounded  systems  is  greatly  preferable  to  the  star-star  con- 
nection, in  that  the  delta  winding  provides  a  low  impedance 
path  for  the  triple  harmonics,  in  parallel  with  the  path  provided 
by  the  line  and  earth,  hence  reduces  the  magnitude  of  such  cur- 
rents over  the  line  and  earth  path. 

It  is  difficult  to  accurately  predict  on  systems  employing  the 
star-delta  type  of  connections  whether  or  not  the  magnitude 
of  triple  harmonic  residual  will  be  large  enough  to  cause  severe 
inductive  effects,  since  it  depends  upon  a  multitude  of  con- 
siderations dealing  with  the  interaction  of  different  portions  of 
the  system  on  one  another. 

In  the  case  where  both  star-star  and  star-delta  banks  are  used, 
the  line  sides  being  in  star  with  grounded  neutral,  the  star-delta 
bank  offers  a  low-impedance  path  for  the  triple-harmonic  mag- 
netizing currents  of  the  star-star  bank.  Hence  in  the  line, 
between  two  such  different  banks,  there  will  be  a  large  residual 
current,  and  an  exposure  occurring  there  is  liable  to  serious 
induction.  Such  a  star-delta  bank  may,  however,  be  used  as  a 
shunt  path  for  the  triple-harmonic  residuals,  and  greatly  reduce 
their  magnitude  in  the  line  beyond.  Thus,  a  remedial  measure 
is  suggested  for  the  mitigation  of  triple-harmonic  residuals  on 
systems  employing  the  star-star  connection. 

The  triple-harmonic  circulating  current  of  the  delta  winding 
is  greatly  increased  where  such  connection  is  used  in  combination 
with  star-star  banks  and  hence  a  star-delta  bank  of  size  com- 
parable with  the  star-star  bank  is  required  to  give  effective 
results. 

On  a  system  emplojring  only  the  star-star  connection  of  trans- 
formers with  grounded  neutrals,  it  is  always  a  safe  prediction 
that  serious  triple-harmonic  residuals  will  be  present,  and  it  is 
essential  that  measures  for  their  reduction  be  considered.  Ter- 
tiary delta  windings  on  such  transformers  are  beneficial  and  new 
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transformers  for  proposed  installations  of  this  connection  should 
be  designed  to  provide  such  windings.  Power  engineers  recog- 
nize the  advisability  of  providing  such  windings  for  their  own 
benefit  when  using  this  type  of  connection  so  that  much  of  the 
trouble  formerly  experienced  will  thereby  be  eliminated  in  the 
futiu'e. 

The  interconnetted-star  is  a  method  of  reducing  triple-har- 
monic residuals  by  neutralization.  Besides  being  less  efficient 
than  the  star-delta  connection,  it  reduces  the  voltage  rating 
by  13  per  cent  and  requires  a  more  complicated  arrangement  of 
the  wiring. 

It  will  be  seen  from  the  above  discussion  of  the  mitigation  of 
residual  voltages  and  currents  under  normal  operating  conditions, 
that: 

1.  In  isolated  delta-connected  systems,  residuals  may  be 
effectively  and  easily  reduced  by  simple  means. 

2.  In  star-connected  grounded  systems,  several  measures  can 
be  practised  for  reducing  residuals  all  of  which  will  reduce  them 
with  some  degree  of  success  but  none  of  which  are  entirely 
satisfactory. 

Types  of  power-circuit  transpositions  and  barreling  have  been 
described  previously  and  their  application  to  the  practical  case 
will  be  readily  understood.  In  the  case  of  telephone  transposi- 
tions, only  a  single  metallic  circuit  has  been  considered  in  the 
discussion  of  the  co-ordination  of  transpositions,  without  ref- 
erence to  cases  where  more  than  one  telephone  circuit  is  involved 
other  than  to  mention  the  fact  that  the  problem  was  further 
complicated. 

For  the  application  of  co-ordinated  systems  of  power  and  tele- 
phone transpositions  to  the  practical  case,  a  telephone  trans- 
position system  has  been  designed  which  will  care  for  as  many  as 
forty  telephone  wires  (20  physical  and  10  phantom  circuits), 
providing  adequate  crosstalk  balance  between  the  telephone 
circuits  themselves  and  being  capable  of  properly  co-ordinating 
with  power-circuit  barrels  of  varying  lengths.  Further  work  is 
in  progress  which  will  extend  ^this  system  to  a  full  eighty- wire 
lead. 

This  system  is  known  as  the  * 'exposed  line  system".  It  is  com- 
prised of  two  types  of  sections  as  follows: 

1.  Exposed  line  A  section. 

2.  Exposed  line  X  section. 

Additional  short  sections,  whose  characteristics  have  not,  as 
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yet,  been  determined,  are  in  the  process  of  development;  namely, 
the  exposed  line  Y  and  Z  sections. 

The  exposed  line  A  section  is  nominally  eight  miles  in  length 
with  32  transposition  points  for  the  circuits  most  commonly  used, 
and  has  been  designed  to  give  high  crosstalk-balance  together 
with  induction  balance  to  power  lines  transposed: 

1.  Opposite  any  mile-points  of  the  telephone  transposition 
system. 

2.  With  two  complete  barrels  (five  transpositions  of  the  power 
line)  between  mile-points  of  the  telephone  transposition  system. 

Thus,  for  a  uniform  parallel,  this  section  gives  balance  to  in- 
duction from  power  lines  transposed  with  six-mile,  three-mile 
or  one-half  mile  barrels.  It  is  possible  to  adjust  the  length  of 
this  nominal  eight-mile  section  to  any  value  less  than  eight  miles, 
and  this  is  frequently  done  in  adjusting  the  sections  or  mile- 
points  to  correspond  with  discontinuities  in  the  parallel.  Trans- 
verse balance  of  all  circuits  to  induction  is  accomplished  in  every 
mile. 

The  exposed  line  X  section  is  nominally  one-half  mile  in  length 
with  four  transposition  points,  and  is  so  designed  that  any  number 
of  units  may  be  installed  end  to  end.  The  X  section  unit  does 
not  balance  to  power  lines  transposed  within  any  one  unit,  but 
is  designed  to  be  so  used  that  transpositions  of  the  power  line 
and  discontinuties  of  the  exposure  occur  at  junction  points  be- 
tween successive  units.  Thus  balance  to  induction  is  obtained 
in  three  successive  sections  if  power  transpositions  are  located 
opposite  their  junction  points.  Nominally  this  would  give  a 
power  circuit  barrel  of  one  and  one-half  miles.  The  X  section 
can  be  made  of  any  length  less  than  one-half  mile  per  unit  where 
required. 

Short  exposed  line  sections  may  be  used  in  any  part  of  an 
eight-mile  loading  section,  and  the  remainder  transposed  ac- 
cording to  some  other  transposition  system. 

By  "other  transposition  systems,"  reference  is  made  to  the 
"standard  system"  which  involves  the  use  of  four  sections, 
A,  X,  F,  and  Z,  whose  nominal  lengths  are  8,  i,  IJ  and  4 
miles  respectively.  In  the  standard  system,  however,  balance 
to  induction  from  outside  sources,  such  as  power  lines,  is  not 
obtainable  except  by  modification  of  certain  of  the  transpositions 
involved.  Also,  the  use  of  the  X,  F,  or  Z  sections  consecutively 
is  not  permissible  without  modification. 

Another  method  sometimes  used  is  to  superimpose  on  the 
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crosstalk  transposition  systems,  already  in  the  line,  special 
transpositions  of  all  the  telephone  circuits  on  poles  between  the 
regular  transpositions  poles.  That  is,  their  function  is  to  trans- 
pose all  circuits  with  reference  to  outside  circuits  so  as  to  give  a 
minimum  of  disturbance  to  the  crosstalk  balance  of  the  telephone 
circuits  themselves.  The  prime  purpose  of  ** whole-line"  trans- 
position is,  therefore,  to  make  possible  the  retention  of  systems 
of  transposition  involved  in  parallelism  which  do  not  proyide 
balance  to  induction  in  themselves.  The  use  of  whole-line  trans- 
positions is  limited  by  crosstalk  considerations  to  some  extent 
where  phantom  or  loaded  circuits  are  involved.  Their  chief 
application  is  to  very  short  parallelisms. 

There  are  two  types  of  whole-line  transpositions;  namely, 
the  quarter-mile  unit  and  half-mile  unit.  These  are  shown  in 
Fig.  5. 

The  use  of  short  sections  or  whole-line  transpositions  is  dele- 
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terious  to  the  telephone  service  in  that  it  is  impossible  with 
these  arrangements  of  transpositions  to  reduce  cross-talk  as 
effectively  as  with  eight-mile  sections.  Moreover,  the  difficulty 
of  maintenance  of  telephone  service  is  increased. 

In  order  to  illustrate  in  a  more  comprehensive  manner  the 
application  of  remedial  measures,  such  as  have  been  described 
and  discussed  in  the  previous  sections  of  this  paper,  a  few 
concrete  examples  will  be  cited  and  their  solutions  discussed. 
Before  doing  this,  however,  we  believe  it  well  to  call  attention 
to  the  fact  that  the  successful  design  of  remedial  measures 
necessitates  an  exact  knowledge,  on  the  part  of  the  engineer, 
of  many  details  of  the  particular  case.  Not  only  must  he  be 
thoroughly  conversant  with  the  telephone  circuits  involved, 
but  he  must  also  be  conversant  with  the  characteristics  of  the 
power  system  involved.  It  is  highly  desirable  that  a  personal 
inspection  be  made  and  copious  notes  taken  in  order  that  all 
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practical  difficulties  be  observed  in  advance  of  the  design  of 
remedial  measures.  That  it  is  not  possible  for  the  engineer  to 
personally  inspect  every  case  is  recognized,  hence  the  data  must 
ofttimes  be  collected  by  some  other  person,  and  it  is,  therefore, 
necessary  that  a  procedure  be  devised  for  presenting  an  accurate 
and  detailed  report  to  the  engineer  for  his  guidance. 

Through  the  courtesy  of  The  Pacific  Telephone  and  Telegraph 
Company,  we  present  in  Appendix  I  of  this  paper  the  pertinent 
part  of  an  engineering  circular,  describing  a  procedure  for  survey- 
ing a  case  of  parallelism  and  for  transmitting  an  accurate  account 
of  the  essential  facts,  which  we  have  found  exceedingly  satis- 
factory. 

In  the  examples  which  follow,  the  symbolic  representations 
described  in  Appendix  I  are  used,  and  the  reader  is  referred  to 
this  Appendix  for  their  explanation. 

The  foregoing  text  has  emphasized  the  fact  that  the  severity 
of  requirements  of  transpositions  and  balance  which  must  be 
imposed  on  the  circuits  in  a  parallel  depends  largely  on  the  wave 
shape  of  the  generating  apparatus  as  well  as  on  the  fundamental 
frequency  of  the  power  system  and  on  other  local  conditions. 
This  fact  has  been  taken  into  account  in  the  examples  given 
below.  In  cases  II  and  III  the  number  of  transpositions  in  the 
power  circuits  is  less  than  would  in  many  cases  give  satisfactory 
results,  but  case  II  represents  an  arrangement  which  was  ap- 
plied with  success,  and  case  III,  one  which  it  seems  rea- 
sonable to  install,  in  a  particular  case  which  has  arisen. 

Case  I 

Case  I  presents  an  example  of  a  uniform  parallel  involving 
three  power  circuits  (see  illustration)  whose  parallelism  is 
coincident  for  a  little  over  half  of  the  total  parallel.  The  case 
was  presented  for  solution  as  a  practical  problem  in  the  field, 
and  the  remedial  measures  to  be  described  have  been  in- 
stalled in  part  and  found  effective.  The  details  of  the  parallel 
and  characteristics  of  the  power  lines  and  telephone  system  are 
as  follows: 

Power  Systems  No.  1.  30,000  volts,  three-phase,  60  cycles, 
vertical  configuration;  tower  construction;  star-star  connected 
and  star-delta  connected  transformer  banks  employing  a  ground 
connection.     No  transpositions. 

No.  2.  15,000  volts,  three-phase,  50  cycles.  Flat  configura- 
tion;   pole  construction;   star-star  connected  transformer  bank 
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supply  with  grounded  neutral  and  delta-delta  and  star-star 
(isolated  neutrals)  connected  load  banks.    No  transpositions. 

No.   3.     15,000   volts,   three-phase,   50   cycles.     Triangular 
configuration;    pole  construction;    star-star  connected  trans- 
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former  bank  supply  with  grounded  neutral  and  delta-delta  con- 
nected load  banks.    No  transpositions. 

Telephone  System.  High-grade  loaded  physical  and  phantom 
long  distance  circuits;  ultimate  capacity  of  lead  40  physical 
and  20  phantom  circuits.     Standard  system  of  transpositions. 

Parallel.     10,170  feet  in  length;    separation   of  power  and 
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telephone  leads:  No.  1,  75  feet;   No.  2,  49  feet;   No.  3,  18  feet. 
Crossover  at  beginning  of  parallel  circuits  No.  1  and  No.  3. 

Co-ordinated  Transposition  Scheme.  The  variation  in  length 
of  parallelism  of  the  three  power  lines,  different  separations  from 
the  telephone  line,  difference  in  voltages,  configuration  and 
transformer  connections  as  indicated  above  and  on  Case  I, 
coupled  with  the  added  fact  that  the  parallel  is  short  and  located 
in  the  middle  of  a  telephone  loading  section  which  could  not  be 
disturbed  as  to  length,  makes  this  case  a  very  interesting  example 
of  transposition-coordination  and  residual-mitigation. 

Short  transposition  sections  of  the  exposed-line  type  offer 
the  most  feasible  solution  and  the  coordination  was  accomplished 
as  follows. 

Considering  power  circuit  No.  1,  one  barrel  within  the  exposure 
was  deemed  sufficient  to  accomplish  satisfactory  longitudinal 
balance  to  the  balanced  voltages  and  currents.  Hence  the  section 
of  power  line  involved  within  the  parallel  is  divided  into  three 
equal  sections  by  the  installation  of  transpositions  therein  at 
the  towers  adjacent  to  the  one-third  and  two-thirds  points. 

Circuits  No.  2  and  No.  3  are  operated  in  parallel  and  their 
exposures  to  the  telephone  line  are  coincident,  hence  accomplish- 
ing longitudinal  balance  by  means  of  one  barrel  in  each  circuit 
within  their  exposure  is  feasible.  Therefore,  the  length  of  par- 
allel involving  these  circuits  is  divided  into  three  equal  sections 
by  transpositions  installed  in  the  two  power  circuits  at  the  one- 
third  and  two-thirds  points. 

Transverse  balance  to  induction  from  both  the  balanced  and 
residual  voltages  and  currents  is  accomplished  by  using  exposed 
line  X  sections  of  such  length  that  their  junction  points  fall 
opposite  the  power-circuit  transpositions  as  depicted  in  Fig.  1 
of  Case  I.  From  a  point  opposite  the  second  transposition  in 
power  circuit  No.  1  to  the  end  of  the  parallel,  a  Y  section  is 
used  since  no  discontinuities  intervene  to  require  shorter  sections. 

Mitigation  of  Residtuils,  The  mitigation  of  residuals  for  this 
case  brings  out  some  interesting  features.  Considering  Circuit 
No.  1  (see  Fig.  2,  Case  I),  a  combination  of  star-star  and  star- 
delta  connected  transformer  banks,  with  grounded  neutrals  is 
employed.  As  pointed  out  in  a  previous  section  of  this  paper, 
a  condition  is  here  established  which  is  conducive  to  the  passage 
of  large  triple-harmonic  residual  currents  over  the  power  line 
past  the  exposure  with  consequent  heavy  longitudinal  induction 
on  the  telephone  circuits.     The  obvious  measure  for  reducing 
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such  effect  was  to  remove  the  low-impedance  path  of  such  cur- 
rents. Accordingly,  it  was  suggested  that  the  neutral  on  the 
low  side  of  the  star-star  connected  supply  bank  of  transformers 
be  ungrounded.  This  request  was  acceded  to  and  the  residual 
current  was  thereby  reduced  to  a  value  small  enough  to  have 
no  appreciable  inductive  effect  on  the  telephone  circuits. 

With  the  neutral  of  the  No.  1  circuit  supply  bank  grounded 
on  the  low-voltage  side,  some  transient  disturbances  on  the 
60 ,000- volt  line  feeding  the  bank  were  transformed  and  cau^d 
severe  trouble  on  the  telephone  circuits.  The  ungrounding  of 
the  neutral  eliminated  this  trouble. 

Circuits  No.  2  and  No.  3  are  supplied  from  a  star-star  connected 
bank  employing  a  grounded  neutral,  but  all  other  transformers 
on  the  two  lines  are  isolated.  The  star-connected  supply  bank 
has  two  taps  on  the  low  side  so  that  power  may  be  supplied  at 
star  voltages  of  10,000  and  8,700  volts.  From  the  10,000-volt 
tap  energy  is  supplied  over  a  third  circuit  not  involved  in  the 
parallel.  Hence  a  shunt  path  is  provided  for  the  third-harmonic 
residuals,  thus  reducing  the  magnitude  of  such  current  in  the 
line  involved  in  the  parallel.  This  condition,  coupled  with  the 
fact  that  a  high-impedance  path  is  offered  to  residual  currents 
via  the  earth  due  to  the  presence  of  a  ground  at  but  one  end  of 
the  circuit,  sufficiently  reduces  the  magnitude  of  residual  current 
in  this  short  parallel  so  that  its  inductive  effect  can  be  tolerated. 

Case  II 

Case  II  presents  an  example  of  a  parallel  with  a  power  circuit 
employing  a  grounded  neutral  at  one  point  only.  (See  illustra- 
tion. Case  II).  It  is  of  interest  to  state  at  the  outset  that  this 
parallel  is  one  which  has  recently  been  studied,  the  remedial 
measiu-es  outlined  below  installed  in  part  and  elaborate  tests 
made  to  determine  their  efficacy.  The  details  of  the  parallel 
and  characteristics  of  power  and  telephone  systems  are  as  follows: 

Power  System,  60,000  volts,  three-phase,  60  cycles,  triangu- 
lar configuration;  6-foot  spacing;  delta-delta  connected  trans- 
former banks  throughout  the  system  with  one  exception;  a 
star-connected  bank  with  grounded  neutral  at  one  end  of  the 
line  (see  Case  II.)  Three  existing  transpositions;  two  within 
parallel  and  one  outside. 

Telephone  SysUm.  One  long-distance  telephone  circuit  and 
several  long  suburban  circuits.  Standard  system  of  transpositions. 

Parallel.    75,090  feet  in  length;    separation  between  power 
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and  tdephone  leads,  45  feet.     Two  crossovers,  one  of  which 
is  at  the  end  of  the  parallel. 

Co-ordinated  Transposition  Scheme,  In  this  case  a  long  uni- 
form parallel  is  presented  which  offers  an  excellent  opportunity 
for  the  use  of  the  exposed  line  A  section. 
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Case  II. 


The  method  was  adopted  of  installing  first  a  very  small  number 
of  transpositions  in  the  power  circuit  to  determine  the  extent 
to  which  the  induction  was  reduced.  The  design  is  such  that 
additional  power  transpositions  can  be  economically  installed 
if  later  found  desirable. 
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Referring  to  Fig.  2,  Case  II,  beginning  at  point  a  (the  com- 
mencement of  parallelism)  an  exposed  line  A  section  is  installed 
of  such  length  that  it  occupies  eight-ninths  the  total  distance 
from  point  a  to  the  crossover  at  point  b.  Thence,  two  X  sections 
of  equal  length  extend  to  the  crossover  point  b.  *  Transverse 
balance  is  obtained  when  the  existing  power  transposition  is 
removed.  Longitudinal  balance  to  induction  from  the  balanced 
voltages  and  currents  of  the  power  system  is  accomplished  by 
installing  a  barrel  in  the  power  circuit  between  points  a,  ft,  with 
two  transpositions  opposite  the  three-ninths  and  six-ninths  points 
of  the  telephone  transposition  system. 

From  the  crossover  at  point  ft,  another  exposed  line  A  section 
is  installed  of  such  length  that  it  occupies  eight-ninths  the  total 
distance  from  point  ft  to  the  end  of  the  parallel  at  point  c.  Thence 
two  X  sections  of  equal  lengths  are  installed,  extending  to  the 
end  of  the  parallel,  at  c. 

Transverse  balance  is  obtained  when  the  existing  power  trans- 
position in  this  section  is  removed.  Longitudinal  balance  is 
obtained  in  the  same  manner  as  outlined  for  section  a,  ft,  but 
with  reversed  rotation  of  power  transpositions,  the  purpose  of 
which  will  be  explained  below. 

Thus,  coordination  of  the  power  and  telephone  systems  is 
obtained  within  the  parallel  in  so  far  as  induction  from  balanced 
voltages  and  currents  of  the  power  system  are  concerned,  and 
also  transverse  induction  balance  from  the  residual  voltages 
and  currents. 

It  will  be  noted  by  referring  to  Figs.  1  and  2  that  a  junction 
occurs  in  the  telephone  line  at  a  point  d  which  would  ordinarily 
be  treated  as  a  point  of  discontinuity,  and,  therefore,  balance 
to  induction  should  be  obtained  on  either  side  of  it,  In  this  case, 
such  balance  is  unnecessary  since  the  junction  point  shown 
represents  a  tap  off  the  long  distance  circuit  under  consideration. 
Had  one  or  more  circtdts  branched  from  the  lead  or  terminated 
at  this  point,  the  others  running  through,  it  would  have  been 
necessary  to  make  the  junction  a  neutral  point  and  obtain 
balance  independently  on  each  side.  This  would  probably 
have  required  the  use  of  short  sections  in  the  telephone  line  and 
two  additional  transpositions  in  the  power  line. 

Mitigation  of  Residuals.  Due  to  the  presence  of  the  groimded- 
neutral  bank  at  one  station  and  the  triangular  configuration 
used  in  most  of  the  system  the  effect  of  capacitance  unbalance 
of  the  lines  in  causing  residual  voltage  will  be  very  small.    Hence 
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under  the  operating  condition  shown  in  Fig.  3  transpositions 
outside  the  parallel  were  not  in  this  case  necessary.  The  manner 
of  locating  such  power  transpositions  for  capacitance  balance 
is  however  shown  in  Fig.  3.  When  the  grounded-neutral  bank 
is  disconnected  from  the  system  there  is  a  considerable  residual 
voltage  due  to  the  vertical  configuration  of  the  two  lines  a  b. 
The  line  a  c  being  triangular  has  a  much  lower  capacitance  un- 
balance. Moreover  the  ultimate  replacement  of  the  grounded- 
neutral  bank  by  a  delta-delta  bank  is  contemplated.  An  atten- 
dant advantage  of  transposing  this  line  throughout  its  length 
is  the  improvement  of  the  power-system  telephone  circuit  which 
is  located  on  the  power-circuit  poles. 

In  view  of  these  considerations  it  was  deemed  desirable  to 
rely  upon  the  efficacy  of  the  coordinated  transposition  system 
and  balance  of  telephone  circuits  to  avoid  interference  from  the 
triple-harmonic  residuals  due  to  the  grounded-star  transformer 
bank. 

The  plan  devised  for  obtaining  an  approximate  capacitance 
balance  is  outlined  below.  If  the  transpositions  according  to 
this  scheme  prove  to  be  insufficient  others  can  economically  be 
added. 

Considering  first  the  two  power  circuits  a  ft  (see  Fig.  3  Case  II) 
operating  in  parallel,  two  15-mile  barrels  are  installed  in  each  line. 
The  section  involving  the  parallel  c,d,  is  already  balanced  by 
virtue  of  the  two  barrels  installed  to  co-ordinate  with  the  tele- 
phone transposition  system  and  provide  longitudinal  induction 
balance  within  the  parallel.  Hence  one  section,  a,c,and  a  second 
section  on  the  other  side  of  the  parallel,  d,e,  remain  unbalanced. 
In  the  section  a,c,  there  is  an  existing  transposition,  to  be  re- 
tained if  possible.  Therefore,  two  barrels  of  unequal  length 
were  installed  in  the  section  a,c,  utilizing  in  one  of  them  the  ex- 
isting transposition;  by  reversal  of  the  two  transpositions 
within  the  section  of  parallel  6,c,  Fig.  2,  the  proper  type  of  ex- 
posure occurs  in  the  section  d,e,  Fig.  3,  which,  considered  with 
the  section  from  the  existing  transposition  to  point  c  makes  up 
the  deficiency  in  length  of  the  barrel.  Hence  capacitance  balance 
is  obtained  by  the  use  of  two  19-mile  barrels,  although  using  a 
detached  section  of  power  line  for  balance.  This  case  again 
illustrates  the  use  of  the  reversed  rotation  of  power-circuit  trans- 
positions. 

It  may  be  stated  in  connection  with  this  case  that  the  trans- 
positions for  capacitance  balance  and  reduction  of  residual  vol- 
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tage  in  the  power  system  have  not,  as  yet,  been  installed.  The 
reason  that  they  were  not  installed,  is  that  under  the  present 
conditions  of  operation  the  coordinated  transposition  system 
within  the  parallel  was  determined  by  test  to  be  sufficient  to 
provide  the  requisite  relief  and  that  the  longitudinal  effect  of 
the  present  existing  residual  currents  and  voltages  was  sufficiently 
small  not  to  warrant  greater  refinement  at  this  time. 

Case  III 

In  Case  III  (see  illustration  Case  III)  is  given  a  typical  ex- 
ample of  parallelism  between  a  telephone  line  and  a  power  line 
operated  isolated  from  ground.  The  details  of  this  case  are  as 
follows: 

Power  System.  22,000  volts,  three-phase,  60  cycles.  All  three 
conductors  in  same  horizontal  plane,  spacings  35  and  65  inches. 
Delta-delta  transformer  connections  at  three  stations.  Three 
existing  transpositions  within  the  parallel. 

Telephone  System.  Long-distance  telephone  circuits;  10  phys- 
icals and  four  phantoms.     Standard  system  of  transposition. 

Parallel.  38,970  feet  in  length;  separation  between  power  and 
telephone  pole  leads,  50  feet.    Five  crossovers. 

Coordinated  Transposition  Scheme.  Owing  to  the  number  of 
points  of  discontinuity  in  this  case  (crossovers)  short  telephone 
transposition  sections  {X  sections)  in  combination  with  an  A 
section,  all  of  the  exposed-line  type,  together  with  power-circuit 
transpositions  as  shown  in  Fig.  2  of  Case  III,  give  the  best 
arrangement. 

Prom  the  first  neutral  point  of  the  telephone  transposition 
system  a  (end  of  an  existing  section)  adjacent  to  the  beginning 
of  the  parallel,  a  Y  section  is  installed,  terminating  at  the  first 
crossover  b  (beginning  of  the  parallel).  Thence,  two  exposed 
line  X  sections  of  equal  length  to  the  second  crossover  c,  thus 
obtaining  transverse  induction  balance  of  all  telephone  circuits 
in  the  section  of  parallel  b,c,  from  both  the  balanced  and  residual 
currents  and  voltages  of  the  power  system.  From  the  second 
crossover  c  to  the  third  crossover  d,  three  X  sections  are  installed 
two  of  which  are  of  equal  length  inserted  between  the  crossover 
and  the  existing  transposition  in  the  power  circuit.  A  trans- 
position is  installed  in  the  power  circuit  opposite  the  junction 
point  of  the  first  two  X  sections.  Transverse  balance  and  ap- 
proximate longitudinal  balance  to  induction  are  accomplished 
by  this  arrangement  in  section  c,d.    If  the  existing  transposition     j 
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in  the  power  circuit  had  been  at  one  of  the  third-points  of  c.d, 
exact  longitudinal  balance  would  have  been  obtained.  It  will 
be  seen  that  here  a  sacrifice  in  longitudinal  balance  was  made  in 
order  to  retain  an  existing  power  transposition. 

From  the  third  crossover  d  to  point  g,  the  end  of  the  parallel, 
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Case  III. 


two  X  sections  and  one  A  section  are  installed.  The  exposed 
line  A  section  is  of  such  length  that  the  pole  at  two-eighths  of 
its  length  falls  at  the  crossover  point  /.  The  two  X  sections  are 
installed  between  the  point  d  and  the  first  pole  in  the  A  section 
and  are  of  equal  length.  A  power  circuit  transposition  of  re- 
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versed  rotation  is  installed  opposite  the  junction  of  the  A  and  X 
sections,  thus  giving  in  combination  with  the  section  6,c,  ap- 
proximate longitudinal  balance  in  the  total  section  ft,c,  and  d,e. 
The  existing  power  transposition  in  section  d,«,  is  removed. 
Whole-line  transpositions  are  installed  in  the  A  section  between 
the  one-eighth  and  two-eighth  points  in  order  to  reduce  the  trans- 
verse unbalance  incurred  due  to  the  interruption  in  parallel 
from  Cyf,  Thtis,  transverse  balance  has  been  obtained  in  the 
section  of  parallel  d,e. 

In  section  /,  g,  power  transpositions  are  installed  opposite  the 
three-eighth,  four-eighth,  six-eighth  and  seven-eighth  points  of 
the  A  section,  thus  accomplishing  longitudinal  and  transverse 
balance  to  induction  in  this  section.  The  existing  power  trans- 
position in  the  section  /,  g,  is  removed. 

It  will  be  seen  that  a  coordinated  system  of  power  and  tele- 
phone transpositions  has  been  applied  which  balances  to  both 
transverse  and  longitudinal  induction  from  the  balanced  volt- 
ages and  currents  of  the  power  system,  and  transverse  induction 
from  the  residuals  of  the  power  system. 

Mitigation  of  Residuals.  Since  in  this  case  an  isolated  system 
is  involved  and  the  flat  configuratioQr  causes  a  large  residual 
voltage,  the  remedial  measure  reqtiired  is  transposition  of  the 
power  circuit  outside  the  parallel  in  such  a  manner  as  to  balance 
the  capacitance  to  ground  of  the  several  phases. 

In  order  to  determine  how  small  a  number  of  transpositions 
would  give  relief  in  this  case,  it  is  proposed  to  install  very  long 
barrels  in  the  sections  of  power  line  beyond  the  expostire,  as  in- 
dicated in  Fig.  3.  These  will  not  be  entirely  effective  if  high- 
frequency  components  in  the  power  circuit  are  prominent. 
The  method  of  laying  out  these  transpositions  is  as  follows: 

The  transpositions  of  the  power  circuit  within  the  parallel 
for  longitudinal  induction  balance  from  the  balanced  voltages 
and  currents  also  provide  capacitance  balance  for  this  section 
of  power  line.  It  remains  to  transpose  the  section  of  line  outside 
the  parallel  so  that  capacitance  balance  is  obtained  throughout. 

In  the  section  between  one  limit  of  the  parallel  g  and  the  sub- 
station h  (26  miles), one  barrel  is  cut  in  the  power  line  by  installing 
two  transpositions  of  normal  rotation  at  the  one-third  and  two- 
third  points. 

In  the  section  between  the  other  limit  of  the  parallel  b  and 

substation  j  (22.5  miles),  a  barrel  is  cut  in  the  power  line  by 

installing  two  transpositions  of  normal  rotation    at  the^ne- 
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The  section  from  the  power  line  junction  point  k  to  substation 
i  (7.5  miles)  is  cared  for  in  a  like  manner. 

Thus,  in  each  of  the  four  sections  cited,  capacitance  balance 
is  obtained.  Attention  is  called  to  the  manner  in  which  the 
practical  considerations  such  as  length  of  line  and  location  of 
discontinuities  arbitrarily  determine  the  length  (maximum)  of 
power  circuit  barrel  both  from  the  standpoint  of  coordination 
of  transpositions  and  measures  for  capacitance  balance. 

This  case  is  one  which  was  presented  for  solution  in  the  field. 
However,  for  the  purpose  of  simplifying  the  discussion,  the  extent 
of  power  system  beyond  either  end  of  the  parallel  has  been 
greatly  reduced. 

The  above  cases,  it  is  thought,  will  serve  to  give  a  general 
idea  of  the  practical  methods  pursued  in  the  field  for  the  solution 
of  inductive  interference  problems.  It  must  be  remembered 
that  the  remedial  measures  set  forth  in  the  above  cases  are  not 
necessarily  applicable  to  other  cases,  and  that  each  case  requires 
a  consideration  of  its  particular  conditions  in  order  that  adequate 
remedial  measures  may  be  provided. 

In  conclusion,  we  can  say  with  conviction,  based  upon  the 
facts  cited  in  this  paper  ^d  our  actual  experience,  that  the  gen- 
eral problem  of  inductive  interference  involving  three-phase 
circuits,  while  seemingly  difficult  of  solution,  is  in  fact,  when 
fairly  and  reasonably  approached,  usually  simple  and  inexpensive- 
The  remedial  measures  employed,  when  properly  designed  and 
installed,  are  very  effective.  It  is  true  that  occasionally  a  problem 
will  arise,  the  solution  for  which  will  impose  some  burden  on 
one  or  both  interests  involved.  When  such  a  problem  does 
arise,  it  is  capable  of  solution  only  through  a  broad  co-operative 
spirit  between  the  two  parties  and  their  mutual  willingness  to 
bear  such  burden  for  the  welfare  of  the  community. 

APPENDIX  I 
Data  Required  in  Cases  of  Parallelism 

To  Facilitate  the  Determination  op  Remedial  Measures 
FOR  the  Mitigation  op  Inductive  Interference 
The  severity  of  the  inductive  interference  with  telephone  ser- 
vice caused  by  any  given  parallel  is  dependent  upon  the  physical 
characteristics  of  the  parallel,  the  electrical  characteristics  and 
method  of  operation  of  the  power  system,  and  the  condition  of 
the  telephone  circuits.    The  following  pages  describe  the  data 
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necessary  for  a  study  of  a  parallel  to  devise  means  for  the  pre- 
vention or  reduction  of  inductive  interference  arising  therefrom. 
In  order  that  the  best  results  may  be  secured,  the  instructions 
given  herein  concerning  the  preparation  of  the  report  trans- 
mitting the  required  data  should  be  very  carefully  followed. 

In  the  case  of  a  proposed  parallel,  or  general  reconstruction 
of  an  existing  parallel,  a  study  shall  be  made  to  determine 
whether  or  not  other  routes  are  available,  for  either  the  tele- 
phone or  power  lines  involved,  which  will  avoid  the  parallel. 
A  report  on  possible  alternatives  shall  be  presented  in  connection 
with  the  transmittal  of  other  data  concerning  the  parallel. 

The  forms  and  instruction  of  this  circular  have  been  devised 
to  facilitate  a  complete  report  on  parallels  already  in  existence; 
the  same  general  plan  can  be  followed,  however,  for  proposed 
parallels. 

If  any  of  the  data  are  doubtful  the  best  obtainable  information 
shall  be  given  and  its  degree  of  reliability  stated. 

A — Telephone  and  Power  Line  Data.  A  form  for  reporting 
the  data  regarding  the  power  and  telephone  line  is  given.  The 
form  should  be  typed  or  mimeographed  as  convenience  dictates. 
It  is  self-explanatory  as  to  information  required. 

B — Exposure  Chart  The  telephone  pole  line  involved  in  a 
parallel  shall  be  plotted  as  a  straight  line,  from  left  to  right  in 
the  direction  of  transposition.  The  scale  should  be  4000  feet 
per  inch,  or  2000  feet  per  inch  for  short  parallels  and  any  case 
where  complications  render  a  smaller  scale  undesirable. 

The  power  line  and  all  arc  circuits,  distribution  circuits  of  2200 
volts  or  over,  telephone,  telegraph  and  signaling  lines  of  other  com- 
panics,  shall  be  plotted  so  as  to  indicate  continuously  along 
the  telephone  line  the  horizontal  separation  between  the  tele- 
phone pole  line  and  the  pole  or  tower  lines  supporting  such  other 
circuits.  These  are  to  be  plotted  only  within  the  exposure  to  the  high- 
voltage  power  line. 

The  scale  for  plotting  separation  will  depend  on  the  average 
separation;  50  feet  per  inch  is  usually  convenient.  The  ac- 
companying exposure  chart,  shows  an  example  of  a  parallel  and 
how  the  chart  is  to  be  plotted. 

Distances  measured  along  the  telephone  line  from  a  given 
reference  point,  (and  corresponding  telephone  pole  numbers) 
shall  be  shown  for : 

a.  Each  telephone  transposition  pole,  with  transposition  let- 
tering. 
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b.  boadi  ng  points. 

c.  Beginnings  and  ends  of  parallels. 

d.  Points  where  power  lines  cross  over  telephone  lines. 

e.  Points  where  abrupt  changes  in  separation  occur. 

f .  Points  where  changes  in  conj&guration  of  power  or  telephone 
circuits  occur. 

g.  Location  of  bridged  stations  and  sections  of  cable  in  the 
telephone  line. 

h.  Power-circuit  transpositions. 

i.  Points  where  load  or  feeder  branches  connect  with  power 
line. 

j.  Places  where  there  are  spans  of  excessive  length;  river 
crossings,  R.  R.  crossings,  etc. 

k.  Each  tower  in  case  power  circuit  is  supported  on  towers. 

The  chart  shall  contain  as  many  sketches  of  the  cross-section 
of  the  exposure  as  are  needed  to  show  the  several  types  of  con- 
struction, configuration  and  relative  location  of  lines.  A  note 
ixnder  these  shall  specify  the  point  at  which  each  type  begins 
and  ends.    These  diagrams  should  show: 

a.  Average  pole  or  tower  heights. 

b.  Difference  in  elevation  of  ground  under  the  two  lines. 

c.  Dimensions  to  locate  points  of  support  and  spacing  of  all 
wires  on  poles  or  towers. 

d.  Traffic  numbers  of  telephone  circuits  with  the  number  of  the 
pole  to  which  they  apply. 

A  sketch  shall  be  given  showing  the  method  employed  in  trans- 
posing the  power  line  and  number  of  poles  involved  in  a  trans- 
position. 

If  special  construction  is  employed  at  power  line  crossings, 
the  details  shall  be  given  in  the  report. 

Any  special  construction  in  the  telephone  line,  such  as  at  river 
crossing,  shall  be  described  in  the  report. 

The  chart  shall  contain  a  title  including  the  number  of  the 
parallel,  location,  companies  involved,  voltage  of  power  lines, 
and  date. 

The  survey  of  the  telephone  line  shall  determine  the  location 
of  telephone  transposition  poles,  crossovers,  power-circuit  trans- 
position poles,  and  other  features  to  at  least  the  nearest  10  feet. 
This  distance  should  be  the  ''wire  distance**,  where  obtainable 
from  the  records. 

Horizontal  separation  of  pole  lines  shall  be  measured  within 
2\  per  cent  (thus,  where  the  separation  is  20  feet,  it  shall  be 
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obtained  to  the  nearest  foot,  if  100  feet,  to  the  nearest  five*feet). 
The  heights  of  wires  above  the  ground  shall  be  given  to  the 
nearest  foot.  The  horizontal  and  vertical  distances  between 
wires  of  a  power  circuit  and  wire  spacing  on  the  telephone  line 
shall  be  given  to  the  nearest  inch. 

Many  minor  irregularities  must  be  neglected,  but  the  purpose 
should  be  to  present  the  average  conditions  as  faithfully  as 
practicable,  and  to  give  data  of  all  pronounced  changes  in  the 
character  of  construction. 

C — Circuit  Diagram  of  Power  System,  Much  of  the  required 
Information  concerning  the  power  circuit  can  be  shown  diagram- 
matically  as  indicated  in  accompanying  illustration.  This  dia- 
gram shall  show: 

a.  All  lines  or  apparatus  metallically  connected  to  the  power 
circuits  involved.  Auto-transformers  constitute  metallic  con- 
nections between  lines  of  different  voltages,  hence  the  circuit 
diagram  should  not  terminate  in  such  transformers.  Lines  or 
apparatus  which  are  connected  to  the  circuit  involved  in  the 
parallel  by  two-coil  transformers  are  not  required  to  be  shown. 

b.  Method  of  connection  of  both  primary  and  secondary  sides 
of  all  transformer  banks  connected  to  the  circuits.  Indicate 
particularly  the  condition  of  all  neutrals,  whether  grounded  or 
not.  Where  single-phase,  open  delta  or  Scott  connections  occur, 
the  particular  phase,  to  which  each  wire  is  connected  shall  be 
shown. 

c.  Type  and  location  of  air  and  oil  switches. 

d.  Type,  location  and  connections  of  lightning  arresters. 

e.  Location  and  ratio  of  potential  aftd  current  transformers: 
location  and  range  of  ammeters  in  neutral  ground  connections. 

f.  Transpositions  in  the  power  circuits. 

g.  The  length  of  power  circuit  between  all  points  of 
importance,  such  as  stations,  branch  points,  transposition  points, 
and  points  where  configuration  changes,  to  the  nearest  0.1  mile. 

h.  Voltages  and  capacities  of  transformers  or  other  apparatus 
connected  to  the  circuit. 

i.  A  cross-section  of  the  power  circuit  at  some  one  point  with 
the  conductors  numbered  to  show  their  respective  positions.  If 
there  are  two  or  more  circuits,  the  wires  composing  each  shall  be 
designated. 

The  title  should  include  name  of  power  company,  number  of 
the  parallel,  location,  voltage  of  power  circuits,  date  and  legend. 

A  list  of  symbols  for  use  in  making  up  power-circuit  connection 
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diagrams,  in   the  manner  shown  in  the  illustration,  is  given 
herewith. 

D,  General  Route-Map,  The  power  and  telephone  lines 
shall  be  plotted  on  a  map  whose  scale  may  be  several  miles  per 
inch.  Where  available,  the  U.  S.  Geological  Survey  topograph- 
ical maps  are  very  convenient  for  this  purpose.  The  toll  route- 
maps  of  the  telephone  company  can  sometimes  be  advantage- 
ously used  as  a  basis.  The  telephone  line  shall  be  indicated  as 
far  as  the  adjacent  S  poles  outside  of  the  parallel.  The  power 
circuit  and  substations  shall  be  shown  to  an  extent  correspond- 
ing to  the  diagram  of  connections.  In  case  the  extent  of  the 
power  system  makes  this  impractical,  a  separate  geographical 
map  of  the  system  shall,  if  possible,  be  obtained  from  the  power 
company.  Possible  routes  for  either  line  to  avoid  the  parallel 
shall  also  be  indicated  on  this  map. 

DATA   CONCERNING   TELEPHONE  AND   POWER   LINES 
INVOLVED   IN   A   PARALLEL 


.Division  Parallel  No.. 
191... 


I.  General 

1.  Location  of  parallel 

*  (Between  what  towns?)  (State) 

2.  Length,  along  telephone  line miles. 

(distance  between  limits) 

3.  Name  of  power  company 

4.  Number  of  power  circuits 

6.     Is  the  parallel  existent  or  proposed?.- 

6.     Which  is  the  senior  company? 

II.  Telephone  Line 

1.     If  parbllel  is  existent,  state  in  detail  the  nature  of  the  observed 
trouble. 


2,     What  other  parallels  are  thwe  involving  these  telephone  lines? 


3.  Is  there  trouble  from  secondary  induction? 

4.  State  the  present  physical  condition  of  the  telephone  line. 

How  soon  will  it  require  general  reconstruction? 


5.     Insulation  of  telephone  circuits 

Relative  noise  on  telephone  circuits 
Circuit  Insulation-Megohms  per  mile  Relative* 

No.  Tip  Ring  Mutual  Noise  % 


^Estimate   noise  in  per  cent  of  noise  on  noisest  circuit  rated  at  100  per 
cent. 
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6.     What  is  the  ultimate  capacity  of  the  telephone  line? 


7.     State  specification  and  drawing  numbers  of  telephone  trans- 
position system. 


8.  If  any  circuits  are  loaded,  state  the  location  of  loading  points, 
give  pole  numbers  within  the  parallel  and  at  the  adjacent 
loading  points  outside  of  the  exposure,  and  state  whether  or 
not  loading  point  is  an  H  fixture 


9.     What  types  of  insulators  are  used  on  the  telephone  line?.. 
What  types  of  insulators  are  used  at  loading  points? 


10.     If  the  apparatus  connected  to  any  circuit  is  not  standard 
T.  P.  T.  &  T.  Co.  equipment,  describe  it 


11.  State  location  of  any  points  within  the  parallel  at  which  cir- 
cuits enter  cable  (e.g.^  river-crossings).  Give  specification 
number  of  cable. 


12.  Do  any  circuits  branch  from  the  telephone  line  within  the 

ebcposure?  If  so;  state  traffic  numbers  and  points  of  branch- 
ing. If  local  circuits  are  also  involved  in  the  parallel,  give 
thetr  points  of  branching 

" V 

13.  Telephone  Circuits  involved  in  the  Parallel 

Traffic     Physical  or         Size  &  material       Loaded  or     Terminals 
No.         phantom  of  wire  non-loaded 


14.  Describe  special  construction  in  telephone  line  at  river  cross- 

ings, etc 

15.  State  any  other  pertinent  information 


III.     Power  Circuit        No *) 

1.  Voltage.^ 

(actual  operating  voltage  between  wiies) 

2.  Number  of  phases ,  Frequency cycles  per  sec* 

3.  Power  circuit  supplied  from Station 

4.  Power  circuit  supplies  energy  to 


6.     Character  of  load,  motor,  lighting  or  both.. 


6.  Average  current  per  phase amperes. 

7.  Average  daily  maximum  current amperes. 

*If  there  are  two  or  more  power  circuits  they  should  be  reported  sepa- 
rately and  every  sheet  marked  to  indicate  (by  number)  the  particular 
drcttit  reported  thereon.  ^-^  ^ 
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8.  Hour  at  which  peak  load  occurs.— 

9.  If  the  neutral  points  are  grounded,  are  there  ammeters  in  the 

neutral  connections? 

10.  State  their  range 

11.  Are  they  connected  directly  or  through  current  transformers? 

12.  Give  ratio  of  transformation 

What  is  the  average  neutral  current? amperes. 

13.  Size  of  conductors ga. 

Material  of  conductors. 

14.  In  case  the  power  line  is  existent,  state  its  present  physical  con- 

dition.    How  soon  will  it  require  general  reconstruction? 

15.  Type  of  insulators 

Are  the  insulator  pins  grounded? 

If  suspension  insulators,  state  number  of  discs 

16.  Lightning  arresters. 

Location                 Type       Connections     Frequency  Charging 

and  time  current- 

of  day  of  amperes 

charging  per  phase 


What  is  the  method  of  charging?..—  .. 

17.     Switches 

Location     Type           Mechanically  inter- 

What devices  are 

connected  for  simul- 

there for  auto- 

taneous action? 

matic  operation 

of  switches? 

18.      Transformer!: 

Location     No.       Mfr.    Kv-a.    Voltage   Form 

Single 

If  three- 

of                   rating     rating       No. 

or 

phase, 

units                                               etc. 

three- 

shell  or 

phase 

core  type 

19.  Rotating  apparatus.    If  generators,  motors  or  converters,  etc., 

are  metallically  connected  to  a  circuit  involved  in  a  parallel 
or  if  such  circuit  connects  directly  to  a  generating  station, 
give  data  as  to 
Kind  of     Location      No.       Mfr.  Type  Kv-a.      Voltage     Electri- 
Apparatus  of  rating       rating     cal  con- 

units  nection 

20.  State  other  pertinent  information 
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Discussion  on  "Inductive  Intbrpbrbncb  as  a  Practical 
Problem**  (Griswold  and  Mastick),  Seattle,  Wash., 
September  6,  1916. 

Frederick  Bedell:  Remedial  measures  for  inductive  disturb- 
ances are  necessary  because  we  do  not  have  perfect  telephone 
circuits,  nor  perfect  power  circuits,  nor  perfect  power  generators. 
By  improving  the  wave-form  of  the  power  generators — that  is, 
by  making  the  wave-form  more  nearly  a  pure  sine  wave — 
inductive  disturbance  and  the  necessity  of  remedial  measures 
can  be  reduced,  as  is  pointed  out  in  the  paper;  but  in  all  probabil- 
ity the  best  that  can  be  done  in  the  design  of  machinery,  without 
prohibitive  expense,  will  only  reduce,  but  not  eliminate  the  dis- 
turbance. The  problem  of  remedial  measures  will  still  remain, 
but  it  will  be  an  easier  problem.  A  standard  of  wave-form,  in 
this  connection,  is  seen  to  be  desirable. 

L.  T.  Merwin:  The  authors'  paper  presents  one  consistent 
scheme  only  for  overcoming  the  troubles  of  inductive  interference 
Unquestionably,  the  telephone  companies  have  made  elaborate 
experiments  as  to  the  possibility  of  developing  other  means  of 
overcoming  the  troubles.  So  far  as  I  know,  the  power  com- 
panies have  done  little  or  nothing  along  this  line.  It  would  be 
extremely  interesting  to  us,  as  power  men,  to  know  what  other 
remedial  measures  were  tried,  and,  if  tried,  why  they  were 
abandoned.  I  would  like  to  ask  Mr.  Mastick  if  the  telephone 
companies  have  tried,  for  instance  a  scheme  that  appears  to  me 
to  have  some  value,  and,  if  they  have,  what  were  the  results :  For 
example,  is  it  possible  to  so  modify  the  Thompson  system  of 
telephone  line  loading  with  inductive  shunts,  that  those  shunts 
instead  of  giving  a  straight  line  fimction,  for  the  j  component 
of  the  impedance  which  would  be  obtained  with  inductive 
character  only — would  give  an  approximate  straight  line  function 
for  all  frequencies  above,  for  instance,  the  6th  or  the  7th  harmonic 
of  a  60-cycle  system,  and  a  sharply  divergent  or  logarithmic 
function  for  all  frequencies  below?  In  other  words,  that  the 
shunts  would  perform  two  functions,  namely,  that  of  providing 
a  short-circuit  path  for  low  frequencies;  and,  on  the  other  hand, 
perform  the  same  service  as  the  inductive  shunts  of  the  Thomp- 
son system  of  loading  for  the  higher  frequencies,  namely,  that  of 
producing  a  distortionless  line — ^laying  aside  the  matter  of  attenua- 
tion for  the  present — for  frequencies  within  the  usual  range  of 
voice  currents,  but  producing  short-circuit  paths  for  these 
troublesome  Sd,  7th  and  9th  harmonics  of  the  60-cycle  system. 
Have  the  telephone  companies  experimented  with  series  im- 
pedances in  their  lines  of  such  a  nature  that  the  series  impedances 
if  judiciously  placed,  would  produce  a  high  resultant  impedance 
for  all  low  frequencies,  and  yet  produce  a  straight  line  function 
of  the  Pupin  type  of  loading  for  all  frequencies  say  from  the  9th 
harmonic  of  the  60-cycle  system  up  through  the  range  of  the 
voice  frequencies  ?  If  methods  of  this  sort,  or  of  any  similar  sort 
have  been  tried,  it  would  be  extremely  interesting  to  us  to  know 
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what  were  the  diffictilties  encountered,  and  why  they  were 
abandoned.  Any  scheme  of  transposition,  that  is  laid  out, 
involves  the  expenditure  of  money,  and  it  is  only  natural  that 
when  the  power  companies,  themselves,  are  only  concerned,  in  so 
far  as  the  reaction  of  the  trouble  may  lead  to  force  expenditure, 
it  is  only  right,  I  say,  that  we  should  ask  of  those  who  are  fitted 
to  answer — ^the  telephone  engineers  themselves — ^as  to  the 
possibilities  of  other  methods  of  overcoming  the  troubles. 

J.  B.  Fisken:  Two  years  ago  the  power  engineers  were  pretty 
much  alarmed  at  what  they  learned  regarding  the  California 
order,  and  it  looked  as  if  we  might  possibly  have  to  go  into  the 
hands  of  receivers  or  go  out  of  business.  It  does  not  look  as  bad 
to  me  now  as  it  did  then.  It  looks  as  if  a  good  many  cases  could 
be  taken  care  of  without  prohibitory  expense.  One  question 
I  want  to  ask  Mr.  Mastick  is  whether  I  am  right  in  supposing 
that  the  flat  construction  of  a  line  is  more  detrimental,  in  that  it 
produces  more  residual  voltages  than  the  triangular  construction  ? 
I  have  had  some  experience  with  a  line  of  flat  construction  65 
miles  in  length,  and  this  line  was  built  to  avoid,  as  far  as  possible, 
paralleling  the  telephone  toll  lines,  although,  to  some  extent,  it 
does  parallel  them,  and  we  had  nothing  brought  to  our  attention 
to  lead  us  to  believe  that  the  flat  construction  was  objectionable. 
Of  course,  it  is  transposed,  just  the  same  as  a  triangular  construc- 
tion, and  we  have  had  nothing  to  indicate  that  the  residuals  are 
serious  on  that  line.  It  begins  to  look  as  if  we  had  to  take  care 
of  two  features  of  construction,  or,  rather,  one  feature  of  con- 
struction and  one  feature  of  design  of  apparatus;  the  feature 
of  construction  being  the  location  of  transpositions,  which,  to 
my  mind,  unless  our  telephone  friends  insist  on  putting  them  in 
too  frequently,  are  not  objectionable;  and  the  other  of  getting 
rid  of  the  higher  frequencies,  which,  I  think,  are  just  about  as 
objectionable  to  the  power  men  as  they  are  to  telephone  en- 
gineers. 

W.  D.  Peaslee:  There  is  another  feature  that  has  not  been 
mentioned  in  the  paper,  that  is  of  considerable  importance,  I 
think,  in  the  interference  of  a  power  line  with  a  telephone  line, 
and  that  is  the  effect  of  the  continual  corona  discharge  on  a  defec- 
tive insulator,  and  also  the  effect,  which  I  have  seen  on  a  great 
many  of  the  lines,  in  the  northwest,  especially  when  they  have 
taken  to  grounding  the  insulator  pins  on  wooden  poles.  On  a 
great  many  of  those  lines,  you  will  see  the  ground  wire  connec- 
tion to  the  insulator  pin,  loose,  and  at  night,  you  will  see  a  con- 
tinuous discharge  from  the  line  into  the  condenser  of  the  insulator 
from  this  loose  connection.  In  a  short  study  of  that,  I  took 
an  insulator — a  standard,  60,000-volt,  pin-type  insulator — and 
putting  on  an  artificial  line  with  loose  connection  to  a  pin  of 
that  nature,  with  an  ordinary  coil  of  wire  containing  300  feet  and 
a  telephone  receiver,  I  have  succeeded  in  getting  considerable  dis- 
ttirbance  into  the  coil  of  wire.  I  would  like  to  know  if  Mr. 
Mastick  has  encountered  any  situation  of  that  kind,  wherein  the 
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transmission  of  such  disturbance  on  the  transmission  line  into  the 
telephone  circuit  occtu^.  Being  of  high  frequency,  and  oscillatory 
in  character,  it  would  be  a  very  difficult  thing  to  get  rid  of,  and 
also,  a  defective  insulator,  always  produces  a  high-frequency 
discharge  or  oscillation  in  the  power  line.  These  discharges  are 
very  troublesome  to  the  power  people,  and  I  would  like  to  know 
in  that  connection,  also,  if  interference  has  been  encountered 
with  this  static  inductance,  with  these  groimd  connections  show- 
ing up  in  the  telephone  line,  either  as  a  bat  in  the  telephone 
receiver,  or  as  a  continuous  high-frequency  disturbance. 

R.  F.  Robinson:  In  answer  to  that  last  question,  I  had  some- 
thing to  do  a  few  years  ago  with  a  line,  where  there  was  a  great 
deal  of  trouble  with  the  charging  of  the  electrolytic  lightning 
arresters.  We  made  some  tests  with  the  power  man,  and  had 
him  vary  the  way  in  which  he  charged  the  arrester.  He  drew, 
for  instance  a  very  short,  quick  arc,  that  made  very  much  less 
disturbance  in  the  telephone  line  that  when  he  drew  out  a  long 
arc  and  held  it  for  a  long  time.  In  drawing  that  long  arc,  it 
seemed  to  put  the  telephone  line  out  of  business  all  the  time 
that  the  arc  was  held.  The  results  on  that  line  on  account  of 
the  trouble  were  rather  serious.  There  had  been  two  or  three 
eases  of  persons  being  injured  while  using  the  telephone  line  at 
the  time  the  charging  operation  was  taking  place.  In  one  case, 
a  lady  who  was  using  the  public  telephone  in  a  booth,  was  ren- 
dered unconscious  during  the  time  of  this  electrolytic  charging. 
The  answer  seems  to  be  indicated  in  this  paper,  that  it  is  a 
matter  for  co-operation  of  the  telephone  companies  and  the  power 
companies.  The  telephone  people  have  probably  done  more 
studying  on  these  questions,  and  in  many  cases,  they  have 
come  to  the  conclusion,  "Well,  it  is  up  to  the  power 
people.  We  can't  do  anything  more."  The  power  people  on 
the  other  hand,  say  **It  is  not  our  trouble.  Let  us  leave  it  .to 
the  telephone  people.  They  have  got  to  figure  out  some  way  to 
get  around  it."  But  this  paper  very  clearly  indicates,  I  think, 
that  it  is  impossible  for  either  the  telephone  companies  or  the 
power  companies  to  do  all  the  work  to  overcome  this  induction 
trouble,  but  they  must  work  together,  and  design  the  necessary 
means  to  get  around  the  trouble  at  the  least  expense  to  both 
companies.  Apparently,  that  consideration  was  one  of  impor- 
tance in  designing  these  transpositions  which  have  been  brought 
out  here — that  neither  the  telephone  nor  the  power  company 
should  be  put  to  any  unnecessary  expense  or  any  unnecessary 
work  on  their  lines,  which  could  be  avoided  by  co-operation  on 
the  part  of  the  other  company. 

L.  J.  CoTbett:  Two  years  ago  the  investigations  on  inductive 
interference  had  just  been  started  and  a  working  rule  was  inaugu- 
rated and  adopted  in  California.  Only  the  simplest  circuits, 
if  I  remember  rightly,  were  taken  up.  At  the  present  time, 
we  have  a  great  many  different  types  of  lines  and  interference 
cases  analyzed.    In  time  I   prestmie  all  possible  cases  will  be 
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worked  out,  or  we  will  be  able  to  analyze  all  cases  as  combi- 
nations of  certain  cases  which  can  be  classified  properly.  I  wish 
to  call  up  the  matter  of  the  transmission  line  which  crosses  the 
telephone  line  at  an  angle  of  20  degrees.  I  would  like  to  ask 
Mr.  Mastick  if  any  investigations  have  been  made  upon  such 
cases,  because  it  seems  to  me  that  the  effect  would  be  greatest 
at  the  point  where  the  line  crosses,  and  as  the  departure  be- 
comes greater  and  greater,  the  influence,  of  course,  would 
become  less  and  less.  In  that  case  the  interference  would  not 
be  a  true  cosine  function.  I  would  like  to  ask  also  if  they 
have  investigated  cases  containing  phantom  circuits  as  applied 
to  these  schemes.  That  undoubtedly  will  have  to  be  taken  up. 
and  I  presume  that  in  some  of  tKese  complicated  cases  the  ad- 
dition of  phantom  circuits  will  complicate  the  matter  even  more, 
where  a  great  many  lines  cross  the  power  line. 

C.  A.  Whipple:  I  have  had  occasion  to  investigate  a  number 
of  cases  of  telephone  troubles  in  connection  with  their  proximity 
to  power  lines,  and  in  all  cases,  I  have  found  that  the  difficulties 
arising  from  the  application  of  these  rules,  as  set  forth  in  the 
paper,  have  arisen  from  one  of  two  conditions:  Either  the  con- 
struction of  the  transpositions  was  not  done  in  accordance  with 
the  instructions  of  the  engineers,  or  there  were  defective  insu- 
lators or  other  apparatus  which  caused  these  difficulties.  In 
many  pases  the  engineers  relied  upon  those  in  the  field  to  accur- 
ately place  the  transpositions  where  indicated.  Investigation 
showed  that  in  almost  all  cases  the  field  work  inacctwately  done, 
sometimes  the  transposition  points  being  but  a  few  feet  off,  but 
the  accumulation  of  a  few  feet  on  various  sections  of  transposi- 
tion lengths  was  cumulative,  thus  making  quite  a  distinct  dis- 
turbance upon  the  telephone  line  as  a  whole.  In  other  cases,  the 
discharge  from  defective  insulators  or  the  static  effect  of  other 
apparatus  in  the  near  vicinity  produced  the  effect  upon  the 
telephone  system.  These  defects  threw  considerable  disrepute 
upon  the  method.  But  it  was  not  the  method  that  was  at 
fault,  it  was  the  execution  of  the  method  in  the  field. 

J.  B.  Fisken:  Mr.  Mastick  in  his  paper  recommends  that  the 
neutral  grounds  be  applied  only  at  the  power  stations  and 
important  switching  stations.  Apart,  altogether,  from  the 
question  of  inductive  interference,  I  thoroughly  approve  of  that 
recommendation.  I  have  had  some  experience  both  ways. 
When  we  first  installed  our  60,000-volt  distribution  line,  we 
grounded  the  neutrals  of  all  our  transformers,  but  after  a  few 
years  experience  with  that  method,  we  removed  those  grounds  ex- 
cept at  the  power  stations  just  as  fast  as  we  could.  There  was  one 
experience  we  had,  where  a  line  switch  was  dead-ended,  on 
insulators  with  very  short  connections,  with  solid  wire  to  the 
switch  itself.  One  of  those  connections  broke,  and  before  we 
found  it  the  railroad  in  that  vicinity  was  operating  trains  with 
flag  signals;  they  had  no  apparatus  left;  and  the  telephones,  of 
coxu^  w^r^  ^tirely  out  of  business.    It  took  us  some  time  to 
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find  the  break,  because  it  was  only  about  half  an  inch,  and  could 
hardly  be  seen  from  the  ground.  We  found  it  by  repeated  experi- 
ments in  trying  the  line  and  finally  one  man  saw  a  flash,  examined 
it,  and  found  the  wire  broken.  In  many  cases,  the  transformer 
itself  does  not  give  an  absolutely  true  neutral,  and  if  the  trans- 
formers have  neutrals  grounded  all  over,  there  will  be  a  slight 
interchange  of  current  between  them,  which  is  not  serious  from 
the  power  man's  standpoint,  but  I  conceive  might  be  quite  serious 
from  the  telephone  man's  standpoint. 

L,  T.  Merwin:  If  the  telephone  companies  have  experimented 
along  other  lines  of  remedial  measures,  as  suggested  in  my 
previous  remarks,  I  would  like  to  ask,  if  a  distortionless  line  was 
obtained  at  the  expense  of  great  attenuation,  what  percentage 
attenuation  would  be  considered  the  limit  that  could  be  utilized 
and  yet  be  not  objectionable,  by  reason  of  modem  methods  of 
amplification  in  use  by  the  telephone  companies,  either  me- 
chanical or  of  the  audion  bulb  type. 

R.  W.  Mastick:  It  seems  desirable  before  replying  to  specific 
questions  to  discuss  briefly  the  subject  of  **Noise"  in  telephone 
circuits  which  are  exposed  to  high-tension  power  circuits,  since 
in  the  main  the  discussions  have  borne  directly  on  the  elimina- 
tion of  noise  by  means  other  than  those  described  in  the  paper. 

The  noise  induced  in  a  telephone  circuit  by  the  paralleling 
power  circuit  is  usually  due  to  several  currents  of  various  fre- 
quencies, viz.,  the  fundamental,  third,  fifth,  seventh,  ninth*,  etc., 
harmonics.  The  fundamental  is,  however,  from  the.  standpoint 
of  noise  production,  practically  unimportant  as  compared  with 
currents  of  higher  frequencies.  Analyses  of  noise  currents  have 
indicated  the  presence  of  frequencies  from  60  cycles  up  to  2000 
cycles  and  more. 

The  telephone  speech  current  is  of  a  very  complex  character, 
being  a  combination  of  a  large  number  of  waves  of  different 
frequencies,  of  which  the  most  important  waves  lie  within  the 
range  of  the  noise-current  frequencies,  that  is,  between  200  and 
2000  cycles. 

The  detrimental  effect  of  noise  currents  on  telephone  conversa- 
tions increases  very  rapidly  with  the  frequency  up  to  a  point 
near  800  cycles  (which  represents  roughly  the  average  frequency 
of  voice  currents  and  at  which  point  therefore  telephone  appara- 
tus is  of  maximum  sensitiveness).  For  higher  frequencies,  the 
effect  is  gradually  reduced.  Since  the  frequencies  present  in 
noise  are  also  those  present  in  speech  within  the  most  important 
range  of  the  latter,  it  can  be  seen  that  the  application  of  a  device 
in  the  telephone  circuit  whose  successful  action  is  based  on  the 
short-circuiting  of  the  noise  currents  to  the  exclusion  of  speech 
currents  is  not  generally  feasible. 

Mr.  Merwin  has  suggested  the  possibility  of  modifying  the 
Thompson  shunt  method  of  loading  so  as  to  short-circuit  the 
noise  currents  below  a  certain  frequency,  and  yet  obtain  the 
advantages  of  loading  for  all  higher  frequencies.    The  studies  of 
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this  method  of  loading  by  telephone  engineers  have  shown  it  to  be 
generally  unsatisfactory,  because  it  is  not  possible  to  obtain 
sensibly  uniform  attenuation  of  all  frequencies  within  the  range 
of  speech.  In  other  words,  the  Thompson  method  of  loading 
is  inherently  inefficient  except  for  a  small  range  of  frequencies 
near  the  particular  frequency  of  maximum  efficiency  for  which 
the  loading  is  designed.  This  method  has  also  the  disadvantage 
that  it  is  not  adapted  to  the  use  of  superimposed  telegraph  on 
the  telephone  circuit,  which  practise  is  used  to  a  large  extent  by 
the  telephone  companies. 

The  application  of  series  impedances  that  Mr.  Merwin  has 
mentioned,  is,  of  course,  the  principle  of  the  present  method  of 
telephone  circuit  loading.  Such  arrangement  gives  a  sensibly 
uniform  attenuation  of  all  frequencies  up  to  a  frequency  deter- 
mined by  the  coil  design  and  spacing.  Above  this  frequency 
which  is  always  the  upper  limit  of  voice  frequencies,  the  attenua- 
tion rapidly  increases.  Hence  it  is  not  possible  to  use  this  system 
of  loading  to  exclude  the  lower  frequencies  in  the  range  of  noise 
currents. 

Commenting  further  on  both  of  Mr.  Merwin's  suggestions,  it 
should  be  pointed  out  that  it  is  not  sufficient  to  exclude  the  noise 
frequencies  below  the  ninth  harmonic,  but  also  those  above  must 
be  eliminated  since  the  detrimental  effect  of  higher  frequencies 
particularly  in  the  vicinity  of  800  cycles  is  far  greater  than  the 
low  frequencies.  The  11th,  13th,  15th  and  17th  harmonics  occur 
in  present-day  power-circuit  waves  in  sufficient  amount  to  re- 
quire serious  consideration  in  any  attempt  to  mitigate  inductive 
interference. 

Configuration  of  the  power  circuit  and  its  bearing  on  magni- 
tude of  induction  and  the  residual  voltage  of  an  isolated  system 
as  mentioned  by  Mr.  Fisken  are  of  great  importance.  Studies 
have  shown  that  the  residual  voltage  of  triangular  lines  is  less 
than  that  of  horizontal  or  vertical  lines  and  that  the  horizontal 
configuration  with  unequal  spacing  of  conductors  is  productive 
of  the  largest  residual  voltage  found  in  practical  cases.  With 
respect  to  magnitude  of  induction  from  various  configurations, 
the  triangular  configuration  is  generally  to  be  preferred.  How- 
ever, the  severity  of  the  induction  is  governed  by  the  relative 
location  of  the  two  lines  with  respect  to  separation,  height  of 
wires  above  ground,  depth  of  ground  plane  for  magnetic  and  elec- 
tric phenomena,  etc.  For  specific  cases  computations  can  be 
made  which  will  indicate  the  best  type  of  configuration  to  use. 

The  matter  of  discharges  over  defective  instdators,  mentioned 
by  Mr.  Peaselee,  is  a  source  of  much  concern  to  telephone  com- 
panies. They  are  manifest  in  the  telephone  circuit  as  disagree- 
able cracklings,  if  intermittent,  and  in  the  event  of  total  failure 
of  the  insulator,  as  very  severe  noises  sufficient  sometimes  to 
temporarily  deafen  the  telephone  user.  Total  failure  of  an  insu- 
lator generally  creates  a  bad  imbalance  of  the  power  circuit  pro- 
ducing large  residual  voltages  or  currents  which,  of  cotu^e,  induce 
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harmful  voltages  on  paralleling  telephone  circuits.  These 
induced  voltages  are  frequently  of  sufficient  magnitude  to  operate 
the  telephone  line  protectors. 

From  the  standpoint  of  inductive  interference,  angular  cross- 
ings, as  mentioned  by  Mr.  Corbett  if  of  fairly  large  angles,  are 
usually  not  serious  enough  to  require  remedial  measures.  Some 
work  of  a  mathematical  nature  has  been  carried  out  for  a  case  in 
which  a  power  line  of  high  voltage  crossed  a  telephone  line  at  an 
angle  of  30  degrees,  and  the  results  therefrom  bear  out  the  above 
assertion.  However,  if  the  angle  of  crossing  is  so  small  that 
quite  an  appreciable  distance  is  required  from  the  crossover  to 
obtain  a  large  separation  between  the  two  lines,  some  measures 
would  generally  be  required. 
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TESTING  FOR  DEFECTIVE  INSULATORS  ON 
HIGH-TENSION  TRANSMISSION  LINES 


BY    B.    G.    FLAHERTY 


Abstract  of  Paper 

This  paper  discusses  the  importance  and  necessity  of  field 
tests  on  high-tension  insulators  and  three  methods  of  making 
such  tests,  viz.;  with  the  oscillator,  the  megger,  and  the  tele- 
phone receiver.  The  latter  is  described  in  detail,  and  some 
data  given  on  its  development  and  use  on  a  60,000-volt  line 
in  western  Washington,  covering  a  period  of  2.5  years.  Labor- 
atory checks  on  13  of  the  defective  insulators  located,  are  given, 
and  an  approximate  relation  established  between  the  tele- 
phone receiver  test  and  the  break-down  value  at  60  cycles. 
Success  of  test  is  shown  in  note  on  its  effect  on  operation. 

Figures  from  regular  routine  tests  show  percentage  defect 
on  various  lines,  and  cost  of  locating  and  replacing  defective 
units  is  given  at  $1.13  each  (labor  only),  and  cost  of  testing  only 
was  2.3  cents  per  insulator  on  the  line. 

A  method  of  studying  the  rate  of  depreciation  is  outlined  and 
some  data  given  in  illustration. 


Introduction 

MOST  of  the  literature  dealing  with  the  failure  of  insulators 
on  high-tension  lines,  treats  almost  entirely  with  the 
question  from  the  point  of  view  of  improving  the  quality  of  the 
future  insulator  by  various  means  of  manufacturing  improve- 
ments and  specifications  for  testing  before  putting  into  use  on 
the  line.  It  does  not  deal  to  any  considerable  extent  with 
methods  of  locating  defective  insulators  among  the  great  number 
already  in  service.  While  it  may  be  admitted,  without  question, 
that  the  evolution  of  better  insulation  for  future  use  is  the  most 
important  need,  the  treatment  and  handling  of  the  large  quantity 
of  insulators  already  installed  should  not  be  neglected.  In  fact 
this  problem  becomes  the  most  serious  one  to  the  operating  man, 
both  from  the  standpoint  of  preserving  the  continuity  of  service, 
and  of  conserving  as  much  as  possible  the  large  investment  in 
the  stock  of  the  insulators  in  use. 

Formerly,  there  \yas  considerable  discussion  and  argument 
about  the  depreciation  of  the  porcelain  in  line  insulators,  though 
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the  majority  of  recent  opinion  seems  to  deny  the  depreciation 
per  se  and  attributes  failures  after  a  period  of  service  to  various 
causes ;  such  as  inherent  faults  in  the  part  as  it  comes  from  the 
firing,  troubles  due  to  improper  cementing  together  of  parts, 
or  the  use  of  cemented-in  iron  pins,  causing  unequal  expansion. 
There  is,  however,  no  denial  of  the  fact  of  deterioration  of  the 
insulator  considered  as  a  unit,  i.e.,  failure  after  a  period  of  service. 
Undoubtedly  a  great  deal  can  be,  and  has  already  been  done  to 
improve  the  quality  of  the  porcelain;  and  by  laboratory  tests, 
to  weed  out  the  defective  units  in  the  process  of  manufacture 
and  distribution.  To  this  end  the  Transmission  Committee 
has  evolved  the  "  Specifications  for  Insulator  Testing  '*,  dealing 
almost  entirely  with  factory  tests. 

More  important  to  the  man  now  operating  high-tension  lines 
is  some  means  of  locating  the  defective  insulators  he  already 
has  on  the  line,  thus  affording  him  an  opportunity  to  improve 
his  factor  of  safety,  and  to  preserve  continuity  of  service,  to 
which  insulator  failures  have  been  in  the  past  such  a  menace. 
Such  a  device,  or  devices,  should  be  cheap,  both  as  to  first  cost 
and  as  to  methods  of  use;  and  shotdd  be  reliable  within  practical 
limits.  Too  much  expense  either  in  first  cost,  or  labor  involved, 
could  not  be  put  into  this  class  of  work  without  approaching  the 
point  where  it  would  be  more  economical  to  put  in  new  insula- 
tion throughout.  As  yet,  only  three  methods  of  testing  insula- 
tors already  in  use  on  the  line  have  been  suggested;  the  oscilla- 
tion transformer,  the  megger  system,  and  the  use  directly  of  the 
telephone  receiver. 

The  use  of  the  oscillation  transformer  is  recommended  by 
Prof.  E.  E.  F.  Creighton  and  clearly  outlined  as  to  connections 
and  adaptation  in  the  Transactions  of  the  A.  I.  E.  E.  (VoL 
XXXIII,  1914,  p.  1 122).  The  data  given  in  the  discussion  indicate 
that  it  is  very  satisfactory  as  a  high-frequency  test  and  capable  of 
being  made  very  severe.  Its  availability  and  simplicity  as  a 
laboratory  method  for  new  insulators  or  those  that  have  been 
removed  from  the  line  is  evident;  but  its  adaptability  to  service 
in  the  field  is  not  so  evident,  presenting  many  difficulties.  In 
the  first  place,  in  testing  insulators  on  a  line  in  actual  service, 
it  would  be  necessary  to  take  the  line  out  of  service  during  the 
period  of  test;  or  to  remove  a  quantity  of  insulators  from  the 
line,  crate,  transport,  uncrate,  test  and  replace  on  system, 
making  the  test  prohibitive  in  cost.  Also  in  attempting  field 
work,  a  considerable  crew  would  be  required  to  handle  and 
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operate  the  apparatus  and  to  make  connections  to  each  indivi- 
dual insulator,  removing  the  line  wire  for  the  test.  Another 
difiSculty  would  be  the  source  of  current  for  the  testing  apparatus 
at  all  points  of  the  line.  These  diflSculties  make  the  method  im- 
practicable for  field  work. 

The  megger  test  has  become  so  commonly  used  throughout 
the  country,  especially  on  suspension  insulator  work,  that  it 
needs  no  description  here.  Mr.  T.  A.  Worcester  {General  Elec- 
tric Review^  'June,  1914,  page  600)  gives  a  thorough  statement 
of  the  uses  and  limitations  of  this  means  of  locating  defective 
insulators.  His  main  deduction  is  that  it  is  not  unconditionally 
reliable,  being  primarily  a  measure  of  the  resistance,  which  may 
be  practically  '*  infinity  '*  on  a  broken  or  punctured  insulator 
unless  contact  is  made  directly  with  the  defect  and  the  latter  is 
made  conducting  by  the  application  of  moisture.  Another 
objection  to  the  use  of  the  megger  for  this  purpose,  is  the  neces- 
sity of  **  killing  *'  the  line  under  test  for  considerable  periods 
and  the  use  of  a  crew  of  men  to  make  connections  and  remove 
the  line  wires  from  the  insulators.  It  seems  more  particularly 
adaptable  to  testing  the  separate  units  of  suspension-type  in- 
sulators. 

The  use  of  the  telephone  receiver  in  the  detection  of  defective 
insulators  is  mentioned  by  Mr.  M.  T.  Crawford  (Trans.  A.I.E.E., 
Vol.  XXXIII,  1914,  p.  1433),  and  it  is  with  the  develop- 
ment and  use  of  this  method  that  the  present  paper  has  to  deal. 
Mr.  P.  H.  Thomas  (page  143,  same  volume)  says,  ''  We  must  find 
some  way  of  detecting  bad  insulators.  That  can  partly  be  done 
by  tests,  but  we  need  a  few  new  tests.''  If  it  can  be  shown  that 
the  test  is  reliable  to  a  reasonable  degree,  it  is  evidently  the 
most  ideal  method  yet  suggested,  in  that  the  actual  testing  can 
all  be  done  by  one  lineman  of  reasonably  good  judgment  and 
hearing,  and  also  without  any  interference  with  the  operation 
of  the  line,  i.e.,  the  test  is  made  at  line  voltage  and  frequency. 

Apparatus  and  Use 
The  apparatus  as  developed  for  use  on  wooden  poles  is  shown 
in  Pig.  1.  The  double  head  set  receiver  is  used  to  the  best 
advantage  as  it  aids  in  excluding  foreign  sounds,  and  focuses 
the  observer's  attention  more  closely  on  the  work  in  hand. 
Almost  any  telephone  receiver  is  found  to  be  serviceable  so  that 
patrolmen  in  their  routine  work  may  use  the  receiver  in  the  por- 
table test  set  which  they  carry  with  them  to  locate  the  worst 
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cases  of  defect.  Where  greater  sensitiveness  is  required,  the 
two  thousand  ohm  wireless  set  shown  in  the  illustration  is  found 
to  give  the  best  results,  with  the  two  units  connected  in  parallel. 
The  flexible  cord  used  for  connections  is  fastened  by  a  small 
nut  to  the  lineman's  spur  at  one  end,  this  serving  as  the  ground 
terminal ;  and  by  a  double  connector  to  the  large  stiff  wire  run 
through  the  bamboo  stick  and  sharpened  to  a  point  for  contact- 
ing to  the  pole;  i.e.,  shunting  a  portion  of  the  current  flowing 
in  the  pole,  through  the  receivers  to  ground.  This,  with  the 
lineman's  spurs  and  belt  and  proper  notebook  constitutes  all 
the  equipment  necessary  for  locating  defective  insulators  on 
pole  lines  using  pin-type  insulators.  For  use  on  steel  tower 
lines  using  pin-type  or  suspension  insulators  the  modifications 
are  slight,  looking  more  toward  the  safety  and  protection  of 
the  observer  than  anything  else.  The  upper  terminal  is  extended 
to  a  miniature  wireless  antennae,  either  in  the  form  of  radial 
spokes  of  a  wheel,  or  a  circular  plate,  and  is  used  to  explore  the 
electrostatic  field  in  the  neighborhood  of  the  insulator  instead 
of  measuring  the  actual  current  flowing  over  and  through  the 
insulator.  Slightly  greater  sensitiveness  is  necessary  for  these 
cases  and  a  higher  resistance  receiver  with  the  units  connected 
in  series  is  recommended.  The  principal  difficulty  with  this 
method  is  in  protecting  the  operator  from  accidental  contact 
with  the  high-tension  wires.  This  is  accomplished  by  covering 
the  terminal  with  an  inverted  basket  of  wooden  strips  of  dimen- 
sions sufficient  to  give  proper  clearance  of  four  times  the  needle- 
gap  spark  value  for  line  voltage  to  ground. 

Two  qualifications  are  necessary  to  the  successful  observer 
at  this  work;  first,  that  he  should  be  a  good  lineman,  capable 
of  going  up  and  down,  and  working  on  the  pole  or  tower  near 
high-tension  lines  with  quickness,  steadiness,  and  assurance; 
and  second,  he  should  have  good  hearing.  It  is  not  especially 
important  that  he  should  be  a  technically  trained  man,  although 
a  little  laboratory  training  and  knowledge  of  electrical  phe- 
nomena will  help  him  considerably  in  the  interpretations  of  the 
various  sounds  he  will  find  throughout  his  experience  of  this 
work.  The  ordinary  first  class  lineman  of  average  intelligence 
can  be  taught  by  example  to  use  the  set  and  give  a  first  rate 
judgment  of  defects  indicated,  in  a  few  minutes  time.  Scientific 
truthfulness,  i.e.,  the  faculty  of  setting  down  results  as  they 
actually  come  to  him  rather  than  as  he  believes  he  should  get 
them,  is  also  an  important  requisite.     Absolute  accuracy  in 
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keeping  the  records  of  the  test  is  imperative  if  it  is  to  be  of  any 
value  in  eliminating  the  defective  insulators  afterwards.  Ordi- 
nary surveyor's  field  books  are  found  to  be  most  serviceable 
in  use  over  the  varied  country  which  most  transmission  lines 
follow.  The  inspector  in  traveling  along  the  line  sets  down  the 
pole  number  and  the  result  of  the  test  on  the  ground.  Four 
degrees  of  defect  or  leakage  are  arbitrarily  assumed,  namely, 
zero,  first,  second  and  third.  The  judgment  of  the  observer 
must  be  depended  upon  to  place  properly  the  sounds  heard. 
If  the  pole  test  indicates  zero  leakage  it  is  not  necessary  to  deal 


INSULATOR    TEST 

TACOMA  No.  1  LINE 

Pole  No. 

Pole  test 

No.  1 

No.  2 

No.  3 

Remarks 

2585 

0 

Fife .  Station.  P.  S.  B.  Ry. 

87 

3 

3 

3 

1 

Date:  4-10-16 

89 

0 

Observer :  McGandy 

91 

1 

0 

1 

0 

Weather:  Pair,  clear 

93 

0 

Ground:  Moist,  tide 

95 

0 

flat  level. 

97 

2 

1       . 

1 

2 

99 

3 

3 

0 

0 

2601 

3 

0 

3 

0 

03 

0 

05 

0 

07 

0 

09 

0 

11 

3 

0 

1 

3 

13 

0 

16 

3 

3 

2 

1 

17 

0 

19 

0 

21 

0 

23 

0 

0 

0 

0 

Climbed  as  check  on  former  test 

25 

0 

27 

0 

29 

0 

31 

0 

33 

0 

GardenVtlle  Station. 

Fig.  2 


further  with  that  one.  If  any  leakage  is  heard,  the  inspector 
proceeds  up  the  pole  and  tests  to  each  insulator  pin,  or  slides 
the  point  out  along  the  crossarm  or  up  the  pole  top  if  apprehen- 
sive of  danger  from  too  bad  an  insulator.  Beginning  at  the  left 
hand  crossarm  position,  and  looking  in  the  direction  in  which 
the  line  is  numbered,  the  insulators  are  numbered  clockwise 
over  the  pole  top  in  the  case  of  equilateral  construction.  In 
vertical  construction  they  are  numbered  from  bottom  to  top. 
If  more  than  one  insulator  supports  the  wire  in  each  position  on 
the  pole  or  tower,  the  respective  units  are  given  sub-letter  des- 
ignations, as  1-a.  1-b,  fgr  double  construction.    Fig.  2 
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a  sample  page  from  the  standard  note  book  used.  Only  one  man 
is  necessary  for  this  work,  but  the  practise  so  far  has  been  to 
send  along  a  helper  who  is  ready  to  climb  to  the  other's  assist- 
ance in  an  emergency,  and  this  man  can  expedite  the  work  con- 
siderably by  keeping  the  record. 

Weather  conditions  have  considerable  influence  on  the  testing 
work  through  their  effect,  both  on  the  insulator  itself,  and  the 
working  conditions  of  the  test  apparatus.  Rainy  or  foggy 
weather  increases  the  leakage  over  the  insulators,  especially  if 
there  is  a  deposit  of  dust,  smoke,  or  other  foreign  matter,  to  such 
an  extent  that  the  exercise  of  a  good  deal  of  judgment  on  these 
effects  is  necessary  in  testing  to  keep  from  condemning  a  great 
many  good  insulator  units.  If  rain  is  falling  it  is  impossible  to 
use  the  testing  set,  as  the  drops  about  the  head  and  receivers  . 
shut  out  all  other  sounds  effectually;  and  work  on  '*  bad  " 
insulators  on  the  pole  top  becomes  literally  '*  hair-raising  **. 
The  ideal  time  to  make  this  sort  of  test  is  when  the  sky  is  clear 
and  the  ground  slightly  moist  underfoot  to  afford  a  good  ground 
connection. 

Theory  of  Action 

The  discussion  of  the  theory  of  action  here  advanced  is  based 
on  the  pin-type  insulator  on  wooden  poles,  but  may  be  adapted 
to  the  other  cases.  The  pin- type  line  insulator  may  be  considered 
as  a  resistance  shunted  by  a  number  of  small  condensers  con- 
nected between  the  line  wire  and  ground,  and  some  idea  of  the 
magnitude  of  the  currents  flowing  in  such  circuit  may  be  ob- 
tained from  measurements  already  published.  Just  to  show  that 
the  resistance  component  of  the  current  over  the  insulator  from 
line  to  ground  is  of  an  appreciable  value  for  measurement  in 
the  telephone  receiver,  Mr.  Ralph  D.  Mershon  may  be  cited 
(Vol.  XXVII,  Trans.  A.  I.  E.  E.)  as  giving  the  power  loss  per  in- 
sulator as  between  40  and  75  watts  at  50  kilovolts.  From  this 
it  is  readily  seen  that  the  effective  value  is  sufficiently  large  to 
give  considerable  indication  at  60  cycles,  a-c,  in  an  ordinary 
receiver,  which  is  sensitive  to  a  millionth  of  an  ampere.  Some 
idea  of  the  relative  magnitude  of  the  capacity  component  may 
be  obtained  from  Mr.  Edward  Bennett's  statement  (A.  I.  E.  E. 
Trans.  Vol.  XXXIII,  p.  1127)  of  the  capacity  of  a  40-kv.,  three- 
petticoat  insulator  at  about  2  X  10""^^  farads,  giving  a  current 
on  a  three-phase,  40-kv.  system  of  the  order  of  2  X  10~*  am- 
peres effective. 

Thus  by  shunting  a  portion  of  the  high-resistance  path  of 
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the  resultant  current  through  the  crossarm  and  pole  to  ground, 
it  is  seen  that  an  effective  current  of  the  order  of  3  X  10"*  am- 
peres is  obtained  through  the  comparatively  low  resistance  re- 
ceiver. This  means  a  maximum  variation  of  current,  positive 
to  negative,  of  2  \/2  X  3  X  lO"*  or  8.5  X  lO"-*  amperes  in  the 
complete  sine-wave  cycle. 

Over  the  perfectly  good  insulator  this  current  is  audible  in 
the  telephone  receiver  as  a  clear  musical  tone  of  the  same  pitch 
as  the  line  frequency.  If  however,  there  is  any  defect,  such  as 
a  crack,  or  a  ptmctured  petticoat,  the  leakage  path  is  shortened, 
the  capacity  is  changed,  and  the  volume  of  sound  increased  con- 
siderably. If  the  defect  is  at  all  serious  at  the  impressed  voltage, 
a  brush  discharge  effect  becomes  audible  in  the  receiver  as  a 
scratching,  spitting  soimd  characteristic  of  such  phenomena, 
before  any  evidence  of  it  is  given  to  the  unaided  eye  or  ear.  On 
an  ungrounded  delta  system,  this  sound  can  be  heard  to  fluct- 
uate as  the  neutral  shifts  toward  or  from  the  wire  on  the  in- 
sulator under  test. 

The  range  of  sound  and  variations,  from  the  perfect  insulator 
to  the  dangerously  defective  one,  is  very  considerable,  and 
capable  of  being  subdivided  into  many  more  than  four  degrees 
selected,  though  they  seem  sufficient  for  all  practical  work.  If 
more  than  one  petticoat  of  a  60,000-volt,  four-part  insulator  is 
defective,  the  noise  of  the  brush  discharge  becomes  so  intense 
that  it  is  unmistakable,  though  perhaps  inaudible  to  the  ear 
alone. 

Many  curious  phenomena  will  present  themselves  to  the  ob- 
server who  spends  any  time  at  this  work,  which  can  only  be 
mentioned  here,  but  may  be  used  in  further  development  or  use 
of  this  same  test.  For  instance,  definite  knowledge  of  the  exact 
time  of  '*  killing  "  or  *'  making  the  line  alive  **  may  be  had  by 
simply  listening  in  the  usual  way  at  the  bottom  of  the  pole. 
Any  disturbance  on  the  transmission  line  is  clearly  audible  in 
the  test  set,  and  the  charging  of  lightning  arresters  miles  away, 
is  heard  as  distinctly  as  though  near  by.  If  considerable  capac- 
ity is  present  on  the  pole  top,  through  a  number  of  insulators 
in  parallel,  an  overtone  of  a  very  much  higher  pitch  than  the 
fundamental  becomes  audible,  which  is  probably  due  to  the 
presence  of  a  higher  harmonic. 

No  difiiculty  seems  to  be  encountered  by  various  observers 
in  grading  the  sounds  as  to  leakage  indicated,  though  there  may 
be  a  difference  of  one  degree  set  down  in  the  record  by  different 
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250:1  Transf. 


persons  when  near  the  dividing  line  between  two  degrees.  This 
is  dependent  on  the  judgment  of  the  individual,  and  experience 
is  the  most  valuable  instructor  in  grading  the  defects  accurately. 

Checks  of  Method 

The  origination,  and  institution  on  the  Puget  Sound  Traction, 
Light  &  Power  Company  lines,  of  this  system  of  testing,  in  the 
spring  and  summer  of  1914,  followed  a  series  of  particularly 
severe  interruptions  to  service  during  the  winter  of  1913-14,  due 
almost  entirely  to  insulator  failures  on  that  portion  of  the  system 
which  had  been  operating  at  60,000  volts  for  about  ten  years. 
The  effects  of  the  apparently  increasing  number  of  failures  were 
so  annoying  and  cumulatively  destructive  that  some  method 
of  locating  the  dangerous  units  became  imperative.  A  number 
of  tests  were  made  on  the  defective  insulators  with  a  megger, 
but  no  satisfactory  results  could  be 
obtained  as  it  was  necessary  to 
actually  find  the  flaw  in  the  porce- 
lain and  then  moisten  it  before  any 
indication  of  less  than  infinite  resis- 
tance could  be  gotten.  A  great  deal 
of  preliminary  experimentation  was 
done  with  the  telephone  receiver  also, 
before  it  was  adopted  as  a  routine 
testing  apparatus. 

As  a  preliminary  check  on  the 
accuracy,  a  pole  was  selected  on  one 
of  the  lines  that  had  given  most  trouble  during  the  previous 
winter,  which  carried  insulators  indicating  in  the  test  set 
all  three  degrees  of  leakage,  as  mentioned  above.  These  three 
insulators  were  removed  from  the  line  and  taken  to  the  White 
River  generating  station,  where  a  temporary  high-voltage  test 
set  was  rigged  up  out  of  the  apparatus  available.  The  insulators 
were  kept  as  nearly  as  possible  in  the  same  condition  as  on  re- 
moval from  the  line,  and  but  a  short  time,  perhaps  a  couple  of 
hours,  elapsed  until  the  high  voltage  was  applied  to  them. 

The  apparatus  used  consisted  of  a  50,000-volt  oil-testing 
transformer  and  a  50,000-volt,  100-watt  potential  transformer 
connected  in  series  on  the  high  tension  side,  with  the  common 
terminal  grounded.  The  secondary  windings  were  energized 
from  the  local  220- volt  service  and  regulation  was  obtained 
from  the  hand  induction  regulator  on  the  oil-testing  transformer. 


500:1  Transf. 

Fig.  3 — High- Voltage 
Test 
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A  new  three-part  suspension  insulator,  hung  from  the  ceiling, 
carried  one  terminal  of  the  set  and  the  insulator  under  test  was 
suspended  by  the  pin  from  this  point.  To  a  piece  of  line  wire 
fastened  to  the  test  insulator  head  with  fine  copper  wire,  was 
carried  the  other  high-tension  lead.  A  diagram  of  the  connec- 
tions is  shown  in  Fig.  3,  and  the  results  of  the  application  of 
high  voltage  in  Table  1. 


TABLE  I. 

PRELIMINARY    HIGH-VOLTAGE   TEST  AT  WHITfi  RIVER.  JULY  1.  1914. 

Insulators  taken  from  Pole  No.  1739.  Tacoma  No.  1. 


Ins.  No. 

Tel.  test 
degree  leakage 

Volts  at  breakdown 
from  trans,  ratio 

3a 

3b 
la 

3 
2 

1 

63500 
84500 

Did  not  break  down  but  showed  distress  at 
full  voltage  obtainable. 

The  maximum  e.m.f.  obtainable  from  the  induction  regulator 
for  the  secondaries  of  the  transformer  series,  was  175  volts, 
giving  87,500  volts,  (trans,  ratio  500:1)  on  the  high-tension 
side;  if  the  effect  of  a  possible  phase-angle  difference  in  the  two 
transformers  were  neglected.  While  not  regarded  as  a  rigid 
check,  this  test  was  considered  a  practical  demonstration  of  the 
utility  of  the  telephone  receiver  for  locating  defective  insulators. 
It  was  felt  that  the  argument,  that  the  chosen  insulators  failed 
at  a  voltage  at  least  not  any  greater  than  the  values  given, 
would  hold;  and  that  while  further  use  would  give  more  data, 
the  test  would  be  sufficiently  reliable  to  put  into  use  at  once  in 
clearing  the  transmission  lines  of  the  worst  cases  of  defective 
insulators.  A  complete  test  was  therefore  run  on  two  of  the 
older  lines,  Tacoma  No.  1  and  Seattle  No.  1,  and  the  poor  in- 
sulators taken  off  immediately  afterwards. 

No  other  source  of  e.m.f.  higher  than  60,000  volts  was  avail- 
able in  this  section,  than  the  rough  set-up  described  above,  until 
the  placing  in  service  of  the  20  kv-a.,  200,000/220-volt  testing 
transformer  at  the  University  of  Washington,  built  by  Messrs. 
Dodds  &  Dashley  in  1915.  Through  the  courtesy  of  Dr.  C.  E. 
Magnusson  and  the  University  of  Washington,  the  use  of  this 
transformer  and  the  facilities  of  the  university  laboratory  were 
offered  in  checking  up  the  results  of  the  test. 

A  group  of  insulators,  ten  in  number,  was  selected  from  those 
found  leaking  in  a  test  with  the  telephone  receiver  on  the  after- 
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noon  of  February  17,  1916.  On  February  18th,  these  were 
removed  from  the  line,  and  on  February  19th,  were  transported 
by  automobile  to  the  University  of  Washington  laboratory  and 
tested  to  complete  breakdown.  The  comparative  results  of  the 
two  tests  are  given  in  Table  2.  The  current  to  energize  the 
transformer  was  obtained  from  an  alternating-current  generator, 
whose  voltage  wave  had  previously  been  determined  to  be  very 
close  to  the  true  sine  curve.  This  machine  was  run  by  a  10-h.p. 
motor  at  a  speed  giving  close  to  sixty  cycles,  and  the  voltage 
(generator)  was  controlled  by  varying  the  field  of  the  d-c. 
dynamo  used  as  an  exciter  for  the  a-c.  generator.  E.m.f.  was 
measured  from  an  instnmient  coil  in  the  low-tension  winding 
of  the  transformer  and  the  high-tension  voltage  calculated  from 
the  turn  ratio  (10,000:1).  Since  the  test  the  high-tension  voltage 
has  been  checked  by  means  of  a  sphere  gap  and  found  to  be 
about  9200:1  in  the  neighborhood  of  100,000  volts. 


TABLE 

II 

COMPARISON   OP  TESTS 

Breakdown  test.  U.  of  W.  3/19/16. 

Tel. 
Rec. 

Brush  discharge 

Breakdown 

Pole 
No. 

Ins. 
No. 

3/17/ 

16- 

Teat. 

Volts 

VolU 

Petticoats 
punctured 

degree 

Turn 

Sphere 

Turn 

Sphere 

ratio 

gap 

ratio 

gap 

2645 

1 

3rd 

80.000 

73.600 

104,000 

95.700 

1st.   2nd.  3rd 

2645 

2 

3rd 

84.000 

77.200 

96,000 

88.400 

1st.   2nd.  3rd 

2693 

1 

2nd 

100.000 

92.000 

134.000 

123,200 

3rd 

2693 

2 

2nd 

80.000 

73.600 

116.000 

106,800 

4th 

2709 

3 

3rd 

80.000 

73,600 

100.000 

92.000 

1st,  2nd 

2711 

2 

3rd 

76.000 

70.000 

94.000 

86.500 

Ist,  2nd.  3rd 

2717 

2 

3rd 

60.000 

55.200 

98.000 

90,000 

1st.  2nd.  3rds 

2737 

1 

2nd 

80.000 

73.600 

104.000 

95,000 

Ist.  2nd,  3rd 

2737 

2 

3rd 

50,000 

46.000 

80.000 

73,600 

1st,  2nd.  3rd 

2759 

1 

3rd 

75.000 

69.000 

120.000 

110,300 

1st.  2nd.  3rd 

Notk:  Petticoats  are  numbered  from  top  to  bottom.  Those  not  noted  as  punctured  are 
the  only  ones  over  which  the  flash  of  power  arc  was  plainly  visible  at  breakdown. 

In  considering  the  results  of  this  test  and  comparing  with 
those  of  the  preliminary  check,  there  are  several  changes  in  con- 
ditions to  be  taken  into  account,  chiefly  effects  due  to  weather. 
The  insulators  removed  for  the  latter  were  tested  during  damp 
weather  in  the  winter  time,  February,  1916,  and  in  a  tide  flat 
location  where  they  were  subject  to  salt  water  fogs.  Two  days 
afterw£-ds  they  were  transferred  to  a  warm,  dry  laboratory  room 
for  the  breakdown  test.    The  preliminary  test  was  made  on  a 
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very  warm,  fair  day  in  July  and  high  voltage  applied  to  the  in- 
sulators soon  afterwards.  The  searching  out  effect  of  the  mois- 
ture on  the  insulator  faults  in  the  former  case  being  so  much 
greater  in  the  receiver,  a  change  being  made  in  the  observer, 
and  the  increasing  severity  of  requirement  in  grading  the  leakage, 
all  being  taken  into  consideration,  the  apparent  discrepancy 
between  the  two  tests  does  not  appear  to  be  so  great. 

Three  important  points  are  to  be  noted  in  the  results  obtained ; 
first,  that  all,  except  one,  of  the  insulators  rated  at  second  and 
third  degree  leakage  chosen  for  the  test  failed  at  double  the 
rated  insulator  voltage  (60,000  volts)  or  less;  second,  the 
effect  of  the  location  of  the  punctured  petticoats,  i.e., 
whether  top,  middle  or  bottom;  and  third,  that  every  one 
selected  by  the  test  set  as  of  second  or  third  degree  leakage 
shows  one  or  more  defective  parts.  Evident  distress,  shown  by 
the  beginning  of  the  brush  discharge,  at  or  near  the  rated  voltage 
of  the  insulators  should  also  be  noted.  If  we  accept  the  state 
law  requirements,  not  one  of  the  entire  group  would  be  con- 
sidered a  satisfactory  insulator  on  test,  as  every  one  punctured 
or  flashed  over  at  less  than  two  and  one-quarter  times  line 
voltage. 

By  scrutiny  of  the  results  it  is  possible  to  place  an  approximate 
upper  limit  of  pimcture  value  for  the  third-degree  leakage  in- 
sulator near  one  hundred  thousand  volts;  and  a  consequent 
like  lower  limit  for  the  second  degree  insulator,  though  of  course 
in  the  very  nature  of  the  test  there  is  no  sharp  dividing  line 
between  any  two  consecutive  degrees.  It  was  not  possible  to 
test  insulators  of  lower  than  second-degree  leakage,  on  account 
of  the  temporary,  makeshift  nature  of  the  terminals  in  use  at 
that  time  on  the  testing  transformer,  rendering  it  impracticable 
to  go  above  135,000  volts.  The  installation  of  permanent  con- 
denser terminals  will  later  render  an  extension  of  the  check 
possible.  Note  should  be  taken  also  of  the  fact  that  all  the 
second-degree  and  highest  puncture  value  insulators  were  those 
one  or  more  of  whose  widest  flaring  petticoats  were  not  punc- 
tured, but  flashed  over.  A  view  of  the  type  of  insulator  dis- 
cussed in  this  test  is  shown  in  Fig.  4,  cemented  on  a  2J-in. 
(10  cm.)  galvanized  iron  pin,  as  all  were. 

Results  Accomplished 
As  mentioned  before,  a  complete  test  was  made  July,  1914, 
on  two  of  the  lines  giving  most  trouble  during  the  winter  1913-14, 
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namely,  Seattle  No.  1  from  Sumner  to  the  city  limits  of  Seattle^ 
and  Tacoma  No.  1  from  Sumner  to  Tacoma  city  limits.  Only 
the  insulators  recorded  as  third-degree  leakage  were  replaced," 
although  the  record  is  kept  for  all  degrees  for  further  data  on^ 
the  rate  of  depreciation.  In  April  and  May,  1915,  a  second  test" 
was  made  on  these  lines,  and  the  third  annual  test  was  made  in 
May,  1916.  In  March,  1915,  a  test  was  also  made  on  two  pole 
lines  from  Sumner  to  Electron,  a  distance  of  eighteen  miles. 
Following  is  a  tabulated  summation  of  above  mentioned  tests. 

TABLE   III 
SUMMATION    OP   TESTS 
Test   1914 


Line 


No.  of 
Ins. 


3rd      deg. 


No. 


Per 
cent 


2nd      deg. 


No. 


Per 
cent 


Ist      deg. 


No. 


Per 
cent 


Clear 


No. 


Per 

cent 


Tacoma  No.  1 1716        100      5.85        155      0.05        216      12.6      1245      72.5 


Seattle  No.  1 3405 


25*    0.73dl       40      1.44 


20      0.80      3302      07.0 


Test     1015 


Seattle  No.  1.. 
Tacoma  No.  1. 
Elec.  No.  1.... 
Elec.  No.  2.... 


1014. 
1015. 


3405 
1716 
2670 
2670 

5121 


82 

85 

72 

224 


2.4 

4.06 

2.7 

8.4 


68 
60 
65 
75 


2.0 
3.5 
2.42 
2.8 


45 

17 

103 

105 


13.2 
1.0 
3.86 
3.04 


3210 
1553 
2430 
2266 


04.5 
00.2 
01.0 
85.0 


Totals 


125  I  2.44  I     204  I  4.0 


245  I  4.8     I  4547 


110501  I     463  I  4.4 


268  I  2.56  I     270  I  2.6     I  0458  |  00.2 


588  removed  from  lines. 
♦First  completely  tested  line. 

Note:     Decrease   in  first  and  second-degree  insulators  in  1015  test  was  due  to  skipping 
poles  of  lowest  leakage  in  order  to  locate  most  defective  ones  first  for  removal  ffom  line. 


A  close  check  on  the  labor  costs  of  the  complete  operation  of 
locating  and  replacing  the  85  defective  insulators  on  Tacoma 
No.  1  on  the  second  test  was  made,  and  is  here  presented. 

Cost  of  Testing  and  Replacing  Insulators 

Two  men  testing,  5  days  time  @  $7.90 $39^ 50 " 

Number  of  poles 668 

Cost  per  pole 7.1c. 

Number  of  insulators  included  in  test 1716 

Cost  per  insulator 2 .  3c 

Total  number  replaced 85 

Total  cost  locating  and  replacing $96. 36 

Cost  each. . ; $1 .  13 

Of  course  as  the  line  insulation  becomes  better  the  costs  will 
somewhat  decrease,  and  vice  versa,  but  the  average  cost  of  test- 
ing runs  less  than  ten  cents  per  pole  over  all  kinds  of  country, 
and  most  insulation  conditions  on  lines  in  operation. 
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In  conclusion  should  be  given  some  data  on  the  success 
attained  in  the  elimination  of  troubles  due  to  defective  insu- 
lators, but  this  material  is  not  in  shape  just  now  for  presenta- 
tion in  definite  form.  The  fact  stands  forth,  however,  that 
whereas  in  1914  any  ground  on  the  system,  arcing  or  otherwise, 
resulted  in  numerous  insulator  failures,  burning  off  poles  and 
crossarms,  and  even  burning  through  No.  0000  copper  line  wires 
on  the  lines  mentioned  above;  since  that  time  there  have  been 
only  two  cases  of  destructive  insulator  breakdown  on  these  lines. 
The  first  one  of  these  was  on  Thanksgiving  Day,  1915,  and  was 
apparently  due  to  a  direct  stroke  of  lightning,  which  stripped 
every  bit  of  porcelain  out  of  a  three-disk,  dead-end  insulator 
on  a  river  crossing  tower  at  Orting  on  Electron  No.  1  Line, 
leaving  the  pole  top  wire  connected  directly  to  the  pole  by  the 
inter-linking  hardware;  and  broke  down  a  pin-type  insulator 
on  the  same  wire  four  miles  north  of  Orting,  literally  blowing 
the  top  of  the  insulator  clear  of  the  pin.  Despite  the  fact  that 
one  line  wire  between  Renton  and  Kent  lay  on  the  ground  for 
some  time  until  burned  off  above  arcing  distance,  no  other  in- 
sulators on  the  tested  line  failed  under  the  severe  strain,  although 
on  other  lines  not  tested  quite  a  number  did.  The  second  case 
of  failure  was  February  2,  1916,  on  Tacoma  No.  1,  during  the 
very  severe  sleet  storm  of  that  period  and  was  caused  by  trees 
growing  near  the  line  bending  over  under  the  sleet  load  and 
grounding  one  wire  numerous  times  at  short  intervals.  It  is 
also  to  be  taken  into  account  that  the  last  two  years  have  been 
a  period  of  more  severe  stprms,  especially  of  lightning  and  sleet, 
than  have  been  known  in  this  district  for  many  ye^crs. 

Depreciation  Data 
•  Some  effort  is  being  made  to  collect  data  on  the  rate  of  de- 
preciation of  porcelain  insulators  through  annual  tests  over  the 
same  lines,  but  completeness  along  this  line  will  require  more  time 
and  more  standardized  methods  than  have  been  used  in  the  past. 
Considerable  study  and  latitude  in  reasoning  are  necessary  to 
correct  interpretation  of  the  records  obtained  in  order  to  get  a 
clear  idea  of  the  facts  as  to  the  rate  of  depreciation.  For  in- 
stance, the  testing  so  far  in  this  work  has  been  done  with  the 
sole  idea  in  mind  of  locating  the  worst  insulators  and  improving 
the  line  insulation  at  once  by  their  removal,  so  that  very  little 
attention  has  been  paid  to  those  of  second-degree  leakage  or 
less,  and  the  records  of  them  are  not  complete  or  exact.   Another 
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factor  for  which  considerable  allowance  must  be  made  is  the 
personal  equation  of  the  observer,  who  in  some  cases  is  very 
liable  to  miss  the  indications  of  lower  leakage,  either  inten- 
tionally as  intimated  above,  or  due  to  lack  of  keenness  of  observa- 
tion. Then  too,  there  is  considerable  chance  for  confusion  of 
circuits  of  the  leakage  current,  that  is  to  say,  if  a  pole  top  holds 
one  very  bad  insulator,  there  may  be  some  indication  of  leakage 
from  the  other  ones,  though  the  latter  will  show  up  as  perfectly 
sound  upon  removal  of  the  defective  unit.  All  of  these  things 
are  brought  out  in  the  accompanying  depreciation  list,  which 
contains  the  results  from  three  tests  over  the  same  line,  each  one 
being  made  by  a  different  man,  without  any  record  of  the  pre- 
vious survey. 

TABLE   IV 
DEPRECIATION   LIST  TACOMA   NO.   1   LINE 


Tested 

July  .  1914 

May.  1915 

May.  1916       1 

Insulator 

1 

2 

3 

1 

2 

3 

1 

2 

3 

Pole  Nos. 
2137 
2231 
2333 
2499 
2587 
2609 
2657 
2671 
2699 
2723 
2753 
2789 
2793 
2827 

1 

1 

1 

1 

2 

3* 

1 

0 

1 

1 

3» 

2 

0 

3* 

1 

1 

1 

1 

0 

0 

1 

1 

2 

1 

1 

2 

3* 

3* 

1 
0 
1 
0 

1 
1 

0 
0 
0 

1 

1 

3* 

0 

3* 

0 
0 

1 

0 

3» 

3* 

2* 

3* 

3* 

0 

3* 

2 

Clear 

3* 

2 

3* 

3* 

3* 

3* 

8* 

0 

0 
2 

0 

3* 
3* 
3* 
3* 
3* 

0 

0 

1 
1 
1 
1 
3 
0 
0 
0 
0 
0 
0 
0 
8 
0 

1 
2 
3 
0 
3 
0 
0 
0 
0 
0 
2 
0 
0 
0 

3 
3 
3 

1 
1 
0 
0 
0 
0 
0 

1 

0 
3 
0 

*In8ulators  replaced  inunediately  after  the  test  was  completed. 

Pole  No.  2137  serves  as  a  good  illustration  of  several  of  the 
points  stated  above.  The  first  test,  July,  1914,  was  made  with 
more  care  than  that  of  May,  1915,  the  lower  leakage  conse- 
quently being  noted.  In  the  latter  test  the  depreciation  and 
excessive  leakage  of  insulator  No.  2  so  overshadowed  that  of  the 
other  two  in  the  hearing  of  the  observer,  that,  coupled  with  the 
main  idea  of  locating  the  bad  insulators  only,  the  result  was  a 
record  of  zero  leakage  for  insulators  Nos.  1  and  3,  although 
careful  attention  would  probably  have  also  designated  them. 
The  third  test.  May,  1916,  after  the  replacement  of  No.  2  in- 
sulator, shows  what  is  probably  the  effect  of  a  confusion  of  the 
circuits,  as  it  is  conceivable  that  a  portion  at  least  of  the  leakage 
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current  from  No.  3  insulator  would  flow  along  or  through  the 
crossarm  to  the  pole,  up  the  pole  top  to  the  receiver  terminal 
and  back  through  the  receivers  to  the  pole  at  a  lower  point.    . 

Poles  Nos.  2609  to  2827  show  very  clearly  the  improvement 
in  insulation  and  the  clearing  up  of  the  line  from  the  replacement 
of  the  third-degree  insulators,  whether  singly  or  all  three  on 
the  pole  top.  No.  2753  exemplifies  the  perfect  insulation  of 
insulator  No.  I  two  years  after  the  replacement  of  a  defective 
one,  and  the  gradual  depreciation  of  the  other  two.  No.  2793 
is  a  like  example,  but  with  much  more  rapid  depreciation  of  the 
clear  ones.  No.  2789  shows  the  increase  to  third-degree  leakage 
from  second  in  less  than  a  year's  time  and  the  subsequent  clear 
test  a  year  after  replacement.  This  table  will  give  some  idea  of 
the  method  for  studying  the  depreciation  rate  which  is  being 
planned  on  for  the  future. 
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Discussion  on  "Testing  for  Defective  Insulators  on 
High-Tension  Transmission  Lines"  (Flaherty), 
Seattle,  Wash.,  September  6,  1916. 

Harris  J.  Ryan:  The  purpose  of  the  author  is  primarily 
to  lessen  the  operating  troubles  that  are  caused  by  the  deterior- 
ation of  insulators.  The  elimination  of  the  deterioration  of 
insulators  will  require  much  effort  and  time,  and  until  it  is  accom- 
plished, the  transmission  engineer  must  value  highly  a  method 
that  enables  him  to  have  a  defective  insulator  located  before 
it  causes  an  interruption.  In  the  meantime  he  has  an  intense 
interest  in  the  discovery  of  the  causes  of  such  deterioration  and 
their  avoidance.  Doubtless  some  deterioration  of  porcelain 
high-voltage  line  insulators  may  be  due  to  defects  in  design 
or  construction,  though  from  the  evidences  at  hand  most  of 
the  deterioration  that  is  going  on  is  due  to  defective  porcelain. 
From  the  ceramist  we  learn  that  it  is  difficult  to  make  electrical 
porcelain  which  is  altogether  non-porous,  and  from  the  geologist, 
that  earth  products  to  be  mechanically  strong  and  durable 
under  the  action  of  the  elements,  must  be  highly  refractory 
and  impervious  to  moisture.  In  one  instance  the  deterioration 
of  more  than  a  thousand  suspension  insulator  units  manufac- 
tured eight  years  ago  was  one  and  a  half  per  cent  for  their  first 
six  and  one  half  years  of  service  on  a  100-kv.  line.  In  another 
case  more  than  a  thousand  units  were  bought  and  stored  in 
the  open  four  years  ago.  By  tests  made  on  them  during  the 
past  summer,  five  per  cent  were  found  by  the  megger  to  have 
failed,  and  fifteen  per  cent  failed  to  withstand  the  one-minute 
flash -over  potential  test.  It  is  reasonably  certain  that  design 
and  construction  can  account  for  but  a  small  portion  of  the 
great  difference  in  the  mmiber  of  failures  th^t  occurred  in  these 
two  lots  of  insulators.  It  is  also  reasonably  certain  that  the  denser 
structure  of  the  porcelain  in  the  older  insulator  was  largely 
responsible  for  their  few  failures. 

Finally  it  appears  that  if  such  a  material  as  fused  quartz 
could  be  cast  into  insulator  forms,  a  decided  improvement  in 
insulator  practise  should  result.  Fused  quartz  is  a  thoroughly 
vitrified  material  that  is  dense,  tough  and  refractory,  requiring 
no  annealing. 

L.  T.  Merwin:  I  would  like  to  commend  for  experimenta- 
tion a  method  that  might  lead  to  results  possibly  cheaper  in 
some  instances  than  this  method  outlined  in  the  paper.  A 
year  ago  I  had  occasion,  in  experimenting  with  a  wireless  re- 
ceiving set  which,  as  some  of  you  know,  we  use  regularly  as  a 
means  of  dispatching  on  our  transmission  line  between  the  City 
of  Portland  and  the  power  station  on  the  White  Salmon  River, 
to  find  out  whether  it  would  have  any  application  to  the  dis- 
covery of  weak  insulators.  We  noticed  that  intermittent  dis- 
charges were  coming  in,  that  could  not  be  attributed  to  any 
nearby  wireless  station.  We  believed  that  some  of  them  came 
from  defective  insulators,  and  further  tests  proved  that  to  be 
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the  fact.  I  have  not  had  the  time  to  continue  the  experiments, 
and  I  simply  oflfer  them  for  what  I  believe  to  be  a  very  profitable 
line  of  experimentation.  It  is  as  follows:  Take  an  ordinary 
audion  receiver  set  of  the  De  Forrest  pattern,  with  a  high  re- 
sistance head  set,  and  if  the  line  is  along  a  highway  sit  in  yoiir 
car  with  a  wire  fastened  to  a  bamboo  pole,  say,  of  six  or  eight 
feet  in  length,  with  the  bulb  ready  for  action  and  the  receivers 
at  your  ears.  Drive  along,  and,  as  you  do  so,  you  will  hear 
the  characteristic  hum  of  the  transmission  frequency  with  its 
harmonics,  and  if  you  pass  any  insulators  that  are  defective  in 
such  a  way  that  transient  discharges  are  taking  place,  you  will 
hear  the  characteristic  scratch.  I  have  not  carried  the  experi- 
ment far  enough  to  know  how  conclusive  the  determinations  are, 
but  when  driving  along  a  line  at  the  rate  of  15  miles  an  hour,  you 
would  not  fail  to  hear  any  oscillatory  discharge  in  an  insulator. 
It  would  certainly  be  a  much  more  rapid  means  of  discovering 
broken  down  insulators  than  any  other.  Now,  having  once 
discovered  a  pole  with  a  broken  down  insulator,  whether  the 
means  that  I  am  mentioning  will  be  effective  in  definitely  lo- 
cating which  insulator  it  is,  I  do  not  know.  I  talked  with  Mr. 
Crawford  last  year  about  it,  and  it  is  quite  possible  that  he  has 
made  some  experiments  with  this  method.  Whether  it  will  be 
effective  in  finding  defective  insulators  on  steel  tower  lines,  I 
do  not  know,  but  I  belive  it  is  a  means  that  is  well  worth  investi- 
gation. I  might  mention  one  little  instance  that  came  up  in 
my  experiment:  In  driving  along  at  a  rate  of  approximately 
15  miles,  I  heard  the  scratch,  and  stopped  the  machine  and  got 
out  to  locate,  as  nearly  as  I  could,  the  pole  that  had  the  defec- 
tive insulator.  By  moving  the  antenna  wire,  which  we  will  call 
this  little  wire  fastened  to  the  eight-foot  pole,  back  and  forth, 
I  finally  located  the  trouble  on  an  adjacent  power  system  some 
four  blocks  away,  so  I  do  believe  that  the  method  has  merit. 

E.  A.  Loew:  Notwithstanding  the  fact  that  all  insulators 
are  reputed  to  be  more  or  less  **rotten,"  it  is,  nevetheless,  evident 
that  if  the  power  companies  are  to  continue  to  transmit  power 
at  all,  until  better  insulators  have  been  designed  and  manu- 
factured, they  will  have  to  continue  to  use  those  which  are  now 
on  the  market,  and,  therefore,  it  seems  to  me  that  some  method 
of  testing  insulators  which  are  in  use,  while  they  are  in  use,  is 
of  exceedingly  great  value  to  the  power  companies,  expecially  if 
that  method  is  a  simple  one.  Therefore,  in  reading  over  Mr. 
Flaherty's  paper,  I  have  been  impressed  with  the  idea  that  some 
such  method  of  conveniently  testing  insulators  in  service  as 
therein  described,  is  the  kind  of  insulator  test  which  operating 
companies  have  long  needed.  So  far  as  insulator  testing  is  con- 
cerned, there  are  two  distinct  circumstances  under  which  tests 
are  desired:  First,  there  is  the  demand  for  a  factory  test  or 
series  of  tests,  which  are  made  before  insulators  are  accepted  and 
installed  by  the  purchasing  company,  in  order  to  insure  the  de- 
livery of  units  which  will  meet  such  specifications  as  are  suited 
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to  the  service  for  which  the  insulators  are  intended;  secondly, 
there  is  the  demand  for  tests  on  the  installed  insulators  at  regu- 
lar intervals  while  they  are  in  service,  that  is,  without  the  expense 
and  interruptions  incident  to  their  removal  from  the  line,  in 
order  to  determine  the  condition  of  insulators  from  time  to 
time  so  that  those  which  have  developed  defects  and  are  liable 
to  cause  trouble  may  be  detected  and  replaced  by  new  ones 
before  the  trouble  develops.  As  already  pointed  out  by  Mr. 
Flaherty,  the  first  mentioned  class  of  tests  have  in  the  past  been 
the  subject  of  considerable  discussion  and  are  now  pretty  well 
standardized.  The  methods  there  developed,  however,  have  not 
been  suitable  to  the  testing  of  insulators  under  ordinary  service 
conditions.  The  method  outlined  in  Mr.  Flaherty's  paper  and 
now  in  use  by  the  Puget  Sound  Traction  Light  and  Power  Com- 
pany on  its  lines  is,  so  far  as  I  know,  the  first  method  proposed 
by  which  a  fairly  reliable  test  of  the  serviceability  of  an  installed 
insulator  may  be  quickly  and  conveniently  determined.  Its 
simplicity  and  cheapness,  accompanied  by  a  fair  degree  of  re- 
liability will,  no  doubt,  recommend  this  method,  or  some  modi- 
fication of  it,  to  power  companies  generally,  where  a  rough 
qualitative  test  of  this  kind  is  required.  A  modification  of  this 
method  of  testing,  which  seems  to  me  to  be  highly  desirable, 
is  some  arrangement  whereby  the  personal  equation  of  the 
operator  may  be  either  largely  or  wholly  eliminated.  How  this 
test  may  best  be  brought  about  I  am  not  prepared  to  say. 
Some  of  the  obvious  advantages  of  making  qualitative  tests  of 
this  kind  on  insulators  in  service  may  be  enumerated  as  follows : 
First,  the  test  may  safely  be  made  while  the  line  is  in  service; 
it  is  a  simple  test  easily  made  by  the  regular  line  force  at  a  small 
cost,  and  it  apparently  gives  indications  which  are  sufficiently 
reliable  for  practical  purposes.  Secondly,  by  means  of  such 
tests  made  at  regular  intervals,  line  trouble  is  anticipated  and 
thus  often  prevented.  The  loss  resulting  from  damaged  appa- 
ratus and  shut-down  should  thus  be  greatly  reduced.  Thirdly, 
by  keeping  a  suitable  record  from  month  to  month,  and  from 
year  to  year,  the  points  of  greatest  depreciation  of  line  insula- 
tors and  of  greatest  line  trouble  may  be  more  definitely  located. 
By  increasing  the  insulation  on  such  parts  of  the  line,  trouble 
should  be  further  reduced,  continuity  of  service  better  guaran- 
teed and  greater  reliability  of  operation  secured. 

J.  B.  Taylor:  If  material  that  is  weak,  or  has  already  par- 
tially failed,  can  be  located  and  replaced  before  complete  failure 
occurs,  records  for  uninterrupted  service  may  be  improved.  Mr. 
Flaherty's  method  for  weeding  out  defective  line  insulators, 
using  a  telephone  receiver  to  detect  small  leakage  currents,  is 
novel  and  worthy  of  extended  cautious  trial.  Work  among  live 
60,000-volt  conductors  with  exploring  wire  in  hand  and  testing 
circuit  connected  to  head  and  feet  calls  for  caution. 

As  described,  the  field  for  the  method  seems  restricted  to 
wooden  poles  with  pin-type  or  single-unit  insulators,  though  the 
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author  intimates  that  some  study  has  been  given  the  case  of 
steel  towers  and  chains  of  suspension  insulator  units. 

No  figures  are  given  for  break-down  of  insulators  taken  at 
random  from  the  same  line  and  giving  zero  indication  in  the 
telephone.  If  these  can  be  added,  the  value  of  the  telephone 
method  may  be  made  more  convincing. 

In  Table  IV  the  records  of  certain  selected  poles  for  three  con- 
secutive years  are  discussed  as  showing  progressive  increase  in 
degree  of  leakage.  This  deduction  may  be  questioned  on  the  * 
showing  of  Table  III,  where  for  example  Tacoma  Line  No.  1 
lists  371  first  and  second-degree  insulators  left  on  the  line  after 
1914  test,  though  only  162  of  all  three  grades  are  found  on  the 
same  line  in  1915  test.  Data  for  the  test  in  May  of  this  year 
are  not  given. 

Incidentally  it  appears  more  probable  that  the  ''clear  musical 
tone"  heard  when  testing  a  perfect  insulator  is  of  higher  fre- 
quency than  fundamental  (assiuned  to  be  60  cycles).  Not  only 
does  the  capacity  connection  favor  the  harmonics,  J^ut  telephone 
receiver  sensibility  is  relatively  low  at  commercial  frequencies. 
(See  A.  I.  E.  E.  Trans.  XXVIII,  1909,  page  1184) 

C.  E.  Magnusson:  Mr.  Merwin*s  use  of  the  audion  is  merely 
a  method  of  magnifying  the  effect  of  the  electromagnetic 
waves  as  they  radiate  from  the  damaged  insulator.  I  would 
raise  the  question  as  to  why  the  insulators  are  left  so  long 
on  the  line  in  a  damaged  condition.  From  the  paper,  I  would 
judge  that  the  operators  take  a  keen  delight  in  edging  up  as 
close  as  possible  to  the  break-down  point.  It  would  appear 
as  a  more  desirable  plan  to  eliminate  defective  insulators  before 
they  reach  the  fourth  stage,  and  thereby  save  the  ad- 
ditional loss  that  necessarily  follows  when  the  break-down 
actually  takes  place.  I  understand  that  the  continuity  of  service 
record  for  the  P.  S.  T.  L.  &  P.  Co.,  has  been  vastly  improved 
since  the  method  described  in  Mr.  Flaherty's  paper  was 
adopted,  and  if  I  understand  correctly,  the  engineers  in  charge 
could  guarantee  uninterrupted  operation  if  the  insulators  of  the 
third  degree  or  second  degree  were  to  be  taken  out,  so  that  they 
would  not  have  to  wait  until  the  insulators  were  so  near  the 
breakdown  stage.  I  would  like  to  ask  Prof.  Ryan  this  question : 
From  his  remarks,  may  we  hope  that  some  day,  we  shall  have 
quartz  insulators? 

H.  J.  Ryan:  We  hope  so.  I  have  no  other  foundation  for 
expressing  that  hope  than  that  quartz  has  splendid  cjualities 
which  render  it  adaptable  for  the  purpose.  There  are  quartz 
utensils  made  for  the  chemical  laboratories,  as  we  all  know,  that 
are  not  prohibitive  in  price,  notwithstanding  the  fact  that  the 
laboratories  do  not  use  a  great  deal  of  product  of  that  sort,  and 
it  would  seem  that  if  the  matter  were  gone  at  in  a  large  way, 
because  of  the  fact  that  silica  is  a  very  abundant  material  in 
nature,  it  should  be  practicable  to  have  quartz  insulators. 

M.  T.  Crawford:  I  would  like  to  say  just  one  word  in  de- 
fense of  Mr.  Flaherty's  paper,  after  thinking  over  Mr.  BuckV^       t 
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remarks  this  morning.  Mr.  Buck  made  a  very  good  point,  in 
stating  that  the  insulation  of  our  systems  was  poor,  and  that 
redesigning  should  be  given  attention,  and  replacement  taken 
care  of.  But  the  re-designing  of  insulators  is  going  to  take  con- 
siderable time  and  the  replacement  outright  of  many  thousand 
of  more  or  less  defective  insulators  is  going  to  take  a  sum  of 
money  which  cannot  be  always  obtained  promptly.  In  the 
^  meantime,  the  system  must  be  operated,  and  I  believe  the  en- 
'  gineer  is  doing  a  real  service  when  he  takes  what  is  available  and 
makes  it  work,  securing  thereby  reasonably  good  service  from 
poor  equipment,  while  the  process  of  redesif^nin;^:  and  replacement 
of  equipment  is  in  progress.  I  have  received  a  great  many 
letters  from  all  over  the  country  since  this  method  was  first 
brought  out  two  years  ago,  inquiring  for  additional  information, 
describing  the  results  of  using  the  method;  and  while  in  some 
cases,  local  conditions  prevented  its  successful  use,  there  have 
been  a  great  many  systems  that  have  made  very  good  practical 
use  of  this  method,  and  reported  good  results.  In  our  own 
systems,  we  have  almost  no  trouble  from  interruption  of  service 
due  to  defective  insulators,  whereas,  three  years  ago,  it  was  one 
of  our  main  sources  of  trouble. 

W.  D,  Peaslee:  I  think  that  one  point  raised  by  Prof. 
Magnusson — that  is,  as  to  leaving  slightly  defective  insulators 
in  service — is  simply  a  question  of  economy.  The  progressive 
deterioration  of  an  insulator  as  it  goes  to  No.  3  is  very  apparent. 
We  all  know  that  if  we  have  a  pole  in  a  transimission  line  that 
begins  to  rot,  we  don't  take  the  pole  down  at  the  first  splinter 
of  rot  that  appears  in  it,  but  we  watch  that  pole  very  closely,  and 
as  it  gradually  deteriorates  toward  a  condition  of  worthlessness, 
we  remove  it.  I  think  the  same  rule  applies  to  insulators.  Mr. 
Flaherty  has  described  a  method  whereby  it  is  possible,  at  very 
reasonable  expense  to  watch  these  individual  insulators,  and  if 
an  insulator  is  shown  to  be  defective  on  No.  1  test,  that  is  no 
reason  for  taking  it  off  the  line,  because  that  costs  money,  and 
money  has  to  be  borrowed,  and  it  is  not  always  easy  to  get. 
Whereas,  if  we  can  go  out  and  watch  that  insulator,  and  it 
gradually  goes  to  No.  2  we  can  note  it  in  our  book.  Then  if  it 
goes  to  No.  3,  we  can  take  it  out,  and  in  the  meantime  we  have 
had  probably  two  years  use  of  that  insulator.  We  have  to  face 
the  fact  that  no  matter  how  good  an  insulator  is  when  we  put 
it  on  the  line,  it  has  to  be  replaced  sooner  or  later.  Insulators 
will  deteriorate,  and  the  thing  for  the  engineer  to  do  is  to  take 
off  the  constantly  deteriorating  factor  in  his  transmission  line. 
I  have  taken  off  an  insulator  that  has  failed,  and  outside  of  the 
points  of  failure,  the  insulator  was  good;  the  porcelain  was  good. 
It  was  as  good  as  you  could  expect,  under  present  conditions,  to 
be  manufactured.  There  was  no  reason  to  suspect  that  that  in- 
sulator when  it  went  on  the  line,  was  not  good,  and  gradually 
deteriorated,  and  I  think  that  the  practise  of  leaving  these  insu- 
lators on  until  the  last  moment  is  pretty  good,  economic  engi- 
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R.  W.  Pope:  The  old  Boston  and  Albany  line  was  insulated 
with  what  my  brother  called  white  flint  insulators,  and  he  con- 
sidered those  insulators  very  much  better  than  glass.  That  was 
as  far  back  as  '58.  They  were  abandoned  I  believe  because 
glass  was  cheaper  and  served  the  purpose.  I  have  never  seen 
any  reference  to  that  material,  but  I  remember  how  those  insu- 
lators looked  at  that  time,  and  I  have  had  an  idea  that  they 
might  have  been  quartz,  and  their  manufacture    a  lost  art. 

C.  P.  Osborne:  I  might  say  that  we  have  just  completed 
a  test  on  our  power  line,  equipped  with  suspension  type  insu- 
lators. Last  year  we  made  no  changes  in  those  insulators.  Two 
years  ago,  we  removed  all  insulators  that  tested  less  than  2000 
megohms.  Last  year  we  made  the  megger  test,  and  we  found 
about  4  per  cent  of  those  insulators  that  would  test  below  2000 
megohms  and  after  discussing  the  proposition,  we  decided  to 
let  them  go  over  and  see  what  the  result  would  be,  without 
making  any  change.  We  did  so,  and  had  no  failures  at  all. 
The  test  that  has  just  been  completed  shows  15  per  cent  that 
tested  below  1000  megohms.  We  have  had  no  failures  yet. 
We  expect  to  change  insulators  this  year.  When  the  line  was 
built,  five  years  ago,  we  had  considerable  trouble.  We  had  14 
shut-downs  in  six  months  from  insulators  breaking  down.  Three 
years  ago  we  installed  12  insulators  on  the  platform,  six  in  a 
string,  and  on  one  of  the  strings,  we  put  a  600-pound  weight, 
and  the  other  was  without  weight.  The  object  of  doing  that 
was  to  determine  i  our  trouble  was  mechanical.  Those  12  insula- 
tors have  been  hanging  there  in  the  weather  three  years,  and 
we  have  come  to  the  conclusion  that  the  electrical  stress  is  what 
has  been  breaking  down  the  insulators.  We  have  no  reason  for 
believing  that,  except  from  our  own  observation. 

The  great  objection  we  find,  in  testing  with  the  megger  is 
where  you  have  a  ground  on  the  line,  as  we  have  in  our  tower 
line,  there  is  one  insulator  that  you  can't  test  imless  you  dis- 
connect it  from  the  tower.  Three  months  ago,  we  tested  five 
miles  of  the  line,  and  the  test  we  just  completed  checked 
almost  exactly  with  the  test  that  was  made  three  months 
ago.  Some  of  them  showed  a  Uttle  bit  lower,  but  not. very 
much.  We  are  going  to  try  to  see  if  we  can  get  the  same 
results  on  the  s  eel  tower  line.  We  may  be  able  to  do  that 
on  oiu"  wood  pole  line,  bu  hardly  on  the  steel  tower  line.  We 
also  have  a  line  that  we  have  been  carrying  60,000  volts  on 
for  four  years,  and  we  have  only  had  one  insulator  break- 
down. You  can  walk  along  that  line  at  night  and  see  the  fire- 
works almost  any  place.  You  don't  need  a  telephone  receiver 
to  find  those. 

George  Harding:  It  has  been  stated  hat  porosity  is  prob- 
ably the  cause  of  the  breaking  down  of  the  insulators.  I  would 
like  ask  whether  or  not  this  has  been  tried:  It  has  been  s  ated 
that  you  can  expel  the  moisture  by  baking  the  insulator.  Has 
this  experiment  ever  been  tried:  Immersing  the  insulator,  after 
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the  moisture  has  been  expelled,  in  oil?  In  other  words,  impreg- 
nating the  insulator  with  oil,  and  then  putting  it  under  the  test. 

H.  J.  Ryan:  That  idea  occiured  to  some  of  the  engineers 
of  the  power  companies  with  whom  we  worked  this  summer. 
We  have  not,  however,  made  any  effort  to  carry  out  an  under- 
taking such  as  you  have  suggested.  Naturally,  since  porosity 
seems  to  be  such  an  evil,  impregnation  with  parffine  or  oil,  or 
some  other  similar  material  was  brought  forward.  However, 
there  are  so  many  evidences  that  a  unit  that  you  can  treat  in 
such  fashion,  and  that  you  can  make  work  very  well  for  a  time, 
when  you  leave  it,  and  have  forgotten  it,  in  four  or  five  years, 
the  oil  would  go  out  of  it,  and  it  would  again  be  in  a  bad  class. 
A  word*  of  comment  on  one  point  that  was  brought  out  by 
Mr.  Osborne,  and  that  is  in  regard  to  the  voltage  duty  that 
a  defective  unit  will  carry  in  a  suspension  insulator.  You  have 
spoken  of  units  that  are  continued  in  service  when  they  have  a 
resistance  of  1000  megohms.  Surely,  such  units  are  capable  of 
carrying  a  lot  of  duty — ^normal  voltage  duty.  Mr.  Osborne  felt 
that  they  would  like  very  much  to  know  the  capability  of  de- 
fective units  in  regard  to  voltage  duty,  and  the  voltage  duty 
that  they  would  carry  or  fail  to  carry  in  a  string.  So,  in  our 
laboratory,  with  a  high-voltage  potentiometer,  we  erected  strings 
with  as  many  as  12  units,  and  applied  75,000  volts  to  ground 
thereon.  We  employed,  first  of  all,  good  units  throughout,  and 
then  employed  a  bad  unit  or  two  bad  units  next  to  the  line, 
and  then  employed  a  good  unit  mounted  next  to  the  line,  and 
then  a  bad  unit  or  two  bad  units,  or  arranged  them  in  various 
other  combinations  that,  of  course,  immediately  suggest  them- 
selves to  the  mind.  The  bad  units  had  been  shorted  through, 
were  punctured,  or  they  were  units  that  were  water-logged. 
In  a  string  of  12  units,  for  example,  each  unit  carrying  an 
average  of  8.3  per  cent  of  the  total,  units  would  carry  as  much 
as  six  or  seven  per  cent  that  had  actually  been  shorted  through 
on  high-voltage  tests,  because  they  were  defective  and  con- 
ductive. Nevertheless,  it  appears  to  me  that  units  of  that 
kind  in  a  string  would  surely  fail  imder  the  ordinary  forms 
of  high  voltage.  It  seems  to  me  that  the  danger  from 
leaving  units  on  a  line,  that  show  as  low  a  resistivity  as 
1000  megohms,  comes  from  the  fact  that  one  is  manifestly 
leaving  on  a  line  an  insulator  that  is  pretty  porous,  and  is  en- 
gaging in  a  process  of  absorbing  more  and  more  water  all  the 
while.  It  must  have  absorbed  quite  a  little,  apparently,  in 
order  to  be  down  so  low.  As  long  as  certain  accidental  forces 
don't  come  along,  laboratory  studies  indicate  that  those  units 
will  carry  very  nearly  as  much  duty  as  if  they  were  in  perfect 
condition,  thus  not  throwing  an  undue  amount  of  duty  on  to  the 
other  units. 

C.  P.  Osborne:  I  would  like  to  cite  one  instance  which 
happened  last  Saturday  on  our  line.  The  Southern  Pacific  has 
a  tap  from  one  of  our  substations  which  operates  their  line.     The 
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lightning  struck  their  line,  burning  the  tie-wire  off  the  insulator 
going  to  the  ground  plate  on  the  pole,  which  the  Commission,  I 
believe,  makes  it  necessary  to  install.  That,  no  doubt,  created 
some  distiu'bance  on  that  line.  Now,  the  tower  line  which  I 
spoke  of,  kicked  out  at  the  generating  plant,  at  least  thirty  miles 
from  that  point.  When  I  mention  the  insulators  being  1000 
megohms,  I  will  state  that  we  have  three  strings,  and  all  of  them 
showed  1000  megohms.  This  simply  shows  that  here  is  a  case 
where  lightning  did  strike  the  line,  and  there  is  no  question  but 
what  some  undue  strain  was  put  on  that  line  by  the  lightning 
striking  it.  It  also  burned  up  some  of  the  instruments  in  the 
substation,  right  along  side  the  line.  We  have  been  a  litle  bit 
skeptical  in  making  the  tests.  As  we  look  at  it  now,  it  is  a  case 
where  we  have  to  go  through  every  two  years  and  weed  out 
the  bad  insulators,  and  put  in  new  ones,  and  that  is  going  to 
continue  until  we  get  better  insulators.  Were  those  insulators 
Mr.  Pope  spoke  of,  bullet  proof? 

R.  W.  Pope:  The  form  I  speak  of  was  pretty  nearly  bullet 
proof,  because  bullets  glanced  off  from  them. 

B.  G.  Flaherty:  All  our  lines  here  have  ungrounded  neu- 
trals. We  have  had  no  experience  with  the  grounded  neutral 
systems.  In  reply  to  Mr.  Merwin's  suggestion  as  to  the  audion 
testing  set.  We  can  use  the  telephone  receiver  in  practically 
the  same  manner  except  that  a  grounded  terminal  is  necessary — 
the  same  bamboo  pole  and  the  antenna.  You  can  ride  along 
the  line  and  get  practically  the  same  results  with  just  the  tele- 
phone receiver  alone.  An  incident  comes  to  my  mind  where  we 
were  testing  a  line  this  summer.  The  linemen  were  testing  the 
insulators  on  a  pole  line  with  a  steel  tower  line  paralleling  it. 
They  called  my  attention  to  two  cases  where  the  tower  line  had 
defective  insulation  on  it,  that  they  had  discovered  by  walking 
along  with  the  pole  over  their  shoulder.  Mr.  Osborne,  undoubt- 
edly a  number  of  your  poles  or  towers  would  have  no  defective 
units  on  them. 

C.  P.  Osborne:  There  are  a  lot  of  them  that  have  no  de- 
fective insulators  on  them. 

B.  G.  Flaherty:  That  would  avoid  your  going  over  them 
with  the  megger  test,  if  you  could  locate  the  poles  or  towers  with 
the  telephone  receiver  set. 

C.  P.  Osborne:  Have  you  tried  that  method  at  all  with 
lines  with  groimded  neutrals  ?  We  operate  a  grounded  neutral 
on  all  60,000-volt  lines. 

B.  G.  Flaherty:  No.  We  have  no  grounded  neutrals  here. 
As  to  Mr.  Osborne's  statement  about  the  45,000-volt  insulators, 
and  the  ability  to  use  the  telephone  receiver  set,  we  have  about 
25  miles  of  line  with  30,000-volt  insulators,  that  we  have  tested. 
An  old  style  instdator  was  put  on,  and  it  has  been  on  a  niunber 
of  years.  Our  telephone  receiver  set  seems  to  work  all  right  in 
those  cases.  Of  course,  we  get  an  excessive  amount  of  noise,  and 
it  is  not  necessary  to  make  contact  with  the  pin  on  the  insulator. 
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The  lineman,  in  testing,  simply  starts  out  along  the  cross-arm 
and  observes  by  the  comparative  intensity  of  the  sound,  and  he 
can  tell  those  insulators  that  are  most  defective. 

Mr.  Taylor  referred  to  the  discrepancy  in  the  tables  given,  as 
to  the  number  of  insulators  in  the  different  tests,  giving  a  larger 
number  of  the  lower  degree  leakage  in  the  first  test  of  July,  1914. 
I  have  explained  in  the  paper,  that  we  were  very  much  more 
careful  in  the  first  tests  in  1914  to  get  the  degrees  of  leakage. 
As  a  matter  of  fact,  we  almost  neglected  the  lower  degrees  in 
the  tests  of  1915  and  1916  as  the  sole  object  of  the  test  was  to 
locate  the  dangerously  defective  units. 

S.  C.  Lindsay :  The  insulators,  Mr.  Flaherty  referred  to  as 
**30,000-volt  insulators*',  were  not  designed  for  that  voltage. 
They  were  designed  for  55,000  volts  and  were  first  used  on  a 
30,000-volt  line  with  the  idea  of  later  changing  the  line  to  55,000 
volts,  and  in  that  way  became  known  as  30,CK)0-volt  insulators. 
They  are  very  much  smaller  than  the  55,000-volt  insulators 
used  at  this  time,  and  although  we  used  them  for  a  short  time 
at  55,000  volts,  we  found  that  they  were  an  unsafe  insulator  for 
that  voltage. 

J.  P.  Jollyman  and  J.  Mini,  Jr.:  Regarding  the  use  of  the 
telephone  receiver  for  the  detection  of  defective  pin-type  insu- 
lators on  pole  lines,  the  writers  after  the  publication  of  Mr. 
Crawford's  outline  on  this  subject  of  August,  1914,  gave  the 
method,  what  they  believe  a  fair  trial.  First  in  an  experimental 
way  as  will  be  described  later,  and  finally  by  actual  application 
to  several  sections  of  existing  60-kv.  lines  on  the  Pacific  Gas 
and  Electric  Co.'s  system. 

About  this  time  it  was  decided  that  parts  of  several  lines 
would  be  rebuilt  for  various  reasons;  this  required  the  insulators 
to  be  completely  removed  from  the  poles  during  the  reconstruc- 
tion. This  opportunity  was  taken  advantage  of  and  a  number 
of  "telephone  surveys"  were  made  of  the  same  pieces  of  line,  at 
different  times  of  same  day,  and  also  on  different  days,  by  two 
independent  men,  who  took  new  records  on  each  survey,  without 
reference  to  results  of  previous  surveys  or  of  each  other's  work. 
Here  the  first  points  against  the  telephone  method  showed  up, 
in  that  records  for  the  same  pole  often  were  far  divergent  for  the 
several  tests,  while  the  voltage  and  load  conditions  of  the  cir- 
cuit remained  practically  uniform. 

In  all  but  two  cases,  the  lines  carried  14-in.  diameter  tops  4- 
part  pin-type  insulators,  and  the  poles  and  insulators  as  re- 
gards, spread,  etc.,  were  about  the  same  as  exist  on  the  system 
on  which  Mr.  Flaherty  conducted  his  tests.  The  only  point  of 
difference  of  which  we  know  is  that  his  system  operates  with 
isolated  neutral  while  our  tests  were  on  the  solidly  grounded 
neutral  system.  The  comparison  of  climatic  conditions  also  is 
not  known. 

As  the  insulators  were  removed  from  the  poles  they  were 
carefully  tagged  and  hauled  to  a  central  point,  where  each  shell 
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of  each  individual  assembled  insulator  was  given  a  careful  test 
with  the  megger,  and  then  by  the  application  of  55  kv.  from  a 
2000-watt  testing  transformer  across  each  separate  shell. 

Referring  to  Fig.  3  and  to  the  note  under  Table  II  of  the 
paper,  it  is  understood  that  the  voltage  tests  were  made  by 
applying  the  test  terminals  to  the  shells  over  all.  Owing  to  the 
relative  lengths  of  striking  distances  due  to  design  of  certain 
insulators,  this  method  of  detecting  punctured  shells,  is  very 
often  not  reliable;  since  the  spark  will  sometimes  jump  across 
two  shells  from  the  pin  for  instance,  rather  than  jump  down 
along  one  side  of  a  long  inner  shell  and  out  and  up  again  on  the 
opposite  side  of  this  shell.  This  leads  one  to  believe  that  a  shell 
was  not  punctured.  This  **over  all*'  testing  throws  unbalanced 
stress  on  the  inner  shells  as  a  rule  (depending  of  course  on  the 
design),  and  often  punctures  them  on  a  total  test  of  say  110,000 
whereas  they  will  often  stand  60  to  70  thousand  volts  or  per- 
haps flash-over,  if  tested  individually.  It  is  perhaps  (especially 
in  making  checks  on  the  phone  test),  more  proper  to  find  what 
shells  are  already  cracked,  punctured,  or  so  porous  and  full  of 
moisture  as  to  stand  practically  no  voltage,  rather  than  to  punc- 
ture some  of  them  at  50,000  volts  per  shell  or  over.  An  insulator 
having  foiu-  such  shells  standing  such  a  voltage  per  shell,  would 
be  expected  and  has  proven  in  many  cases  to  still  be  capable  of 
giving  considerable  service,  and  it  is  doubtftd  if  any  phenomena 
it  exhibits  under  normal  operation,  would  give  any  phone  de- 
tection and  therefore  should  not  be  counted  as  a  debit  or  a 
credit  to  the  ntunber  the  phone  missed,  or  on  the  other  hand 
detected. 

Experimentally,  various  types  and  sizes  were  put  on  a  pole  on 
which  the  circuit  connecting  thereto,  could  be  switched  on  or 
oflF  at  will.  It  was  soon  discovered  that  it  was  not  necessary  to 
connect  one  terminal  to  the  pole,  but  that  a  regular  wireless 
effect  existed  and  an  antennae  held  up  brought  the  same  results. 
Sound,  four  part  insulators,  every  shell  of  which  has  passed  a 
megger  and  severe  voltage  test,  were  put  on  the  pole.  One  shell 
after  another  was  shunted  out  by  a  wire,  and  the  result  in  the 
phone  receivers  was  an  increasing  disturbance  after  each  such 
artificial  shorting  out  of  shells.  Carrying  out  this  procedure  in 
the  reverse  order,  the  noise  produced  by  the  instdators  became 
quieter,  returning  to  the  clear  hum  again  as  the  short-circuiting 
wires  were  removed  from  across  the  shells.  Again  other  soimd 
insulators  were  dusted  over  and  then  sprayed  with  water  from 
an  atomizer;  these  got  noisy  but  gradually  returned  to  quiet 
again  as  the  sun  dried  them  off.  The  receivers  used  were  of  the 
wireless  type,  two  of  them  having  a  resistance  of  2000  ohms, 
and  one  set,  3000  ohms  per  pair.  These  different  insulators  of 
various  degrees  of  defectiveness  purposely  put  on  the  test  pole, 
together  with  those  temporarily  made  defective  by  artificial 
means  as  noted  above,  gave  quite  similar  disturbing  noises  in 
the  receivers.     These  te^s  gave  the  field  men  **ear  training" 
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before  they  actually  did  any  testing  on  existing  lines  in  regular 
operation.  Various  degrees  of  noises  were  found  characteristic 
upon  which  the  field  men  standardized  for  record  purposes  by 
coining  describing  words,  such  as:  "light,  medium,  and  heavy 
fry;  light,  medium  and  heavy  continuous  bombardment.  Nu- 
merous attempts  were  made  to  locate  the  particular  defective 
insulator  purposely  placed  on  the  test  pole,  from  the  three  total 
using  the  scheme  outlined  in  Mr.  Crawfords'  paper,  but  with 
very  little  success.  The  nearest  approach  toward  picking  the 
correct  defective  insulator  was  perhaps  by  the  use  of  a  telephone 
transmitter,  mounted  on  the  end  of  a  long  light  pole,  by  which 
it  was  held  up  close  to  the  end  of  the  insulator  pin  of  the  several 
insulators  on  the  pole.  The  other  end  of  the  wire  telephone  cir- 
cuit (including  dry  batteries  and  ordinary  telephone  receiver) 
was  held  by  a  man  standing  on  a  well  insulated  stool,  located 
at  the  base  of  the  pole.  The  scheme  is  dangerous  and  the  re- 
sults far  from  reliable  as  the  number  of  incorrect  detections  far 
outnumbered  the  correct  ones.  It  might  be  stated  that 
whether  the  three  metallic  pins  located  at  the  two  ends  of  the 
cross  arm  and  at  the  pole  top,  were  connected  metalically  or 
not,  did  not  seem  to  effect  the  phone  test  results. 
Tests  made  on  lines  in  regular  operation. 

Test  No.  1 

Each  pole  carried  three  3-part  14-in.  diameter  insulators. 
Location  about  90  miles  inland  from  sea  coast.  Weather  dry 
and  relative  humidity  fairly  low. 

9  poles  selected  (which  gave  three  consecutive  checks  on  tele- 
phone survey)  from  out  of  a  total  of  about  50. 
Poles     Character  of  phone  test.     Megger  and  high-voltage  test  of  each 

separate  shell  of  all  insulators  on  pole. 

2     Clear  hum  O.  K. 

7     Medium  to  heavy  bom-     At  least  one  shell  in  one  or  more  insu- 
bardment.  lators  of  each   pole   group  (3  isula- 

tors)  found  defective. 

The  phone  test  was  checked  correctly  by  megger  and  voltage 
tests  on  the  insulators  of  all  9  poles,  or  100  per  cent. 

It  might  be  added  that  in  the  above,  the  tests  were  made  with 
an  antennae  length  of  the  phone  circuit  not  over  ten  feet  above  the 
ground,  same  having  a  sharp  point  which  was  lightly  driven 
into  the  pole  butt.  If  the  end  of  the  antennae  is  held  up  near 
the  cross  arm,  all  the  poles  on  this  line  give  the  "fry"  sound  in 
the  receiver.  Each  shell  of  this  type  of  insulator  is  of  course 
carrying  more  voltage  stress  than  the  shells  in  other  types  of 
insulators  used  on  the  lines,  where  the  remaining  tests  were  con- 
ducted. 

Test  No.  2 

Three  4-part  14-in.  diameter  insulators  per  pole. 

Location  about  40  miles  inland  from  sea  coast. 

17  poles  selected  at  random. 
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Phone  test  clear  Phone  test  clear    Phone  test  bom-    Phone  test  bom- 
bardment bardment 
Insulators  found  Insulators  found  Insulators     found  Insulators  found 
O.  K.  by  meg-       defective      by       O.  K.  by  meg-     defective  by  meg- 
ger   and  volt-       megger  and  volt-     ger    and  volt-    ger  and    voltage 
age  test.                  age  test.                   age  test.               test. 

0  poles  6  poles  5  poles  6  poles 

Total  phone  tests  which  were  checked  correctly  by 

other  tests 6  =  35  per  cent 

Total  phone  tests  which  were  not  checked  correctly 

by  other  tests 11  =65  per  cent 

Test  No.  3 
Three  4-part  14-in.  diameter  insulators  per  pole. 
Location  about  20  miles  inland  from  San  Francisco  Bay. 
25  poles  selected  at  random. 
Phone  test  clear  Phone  test  clear  Phone  test  bom-  Phone   test   bom- 
bardment bardment 
Insulators  found  One  or  more  shells  All  insulators  tes-  One  or  more  shells 
O.  K.  by  meg-       of  one  or  more       ted   O.    K.   by       of  one  or  more 
ger    and  volt-       insulators       megger  a  nd      insulators  found 
age  test                   found  defective      voltage  tests.         defective  by  meg- 
by    megger    or                                      ger    or    voltage 
voltage  test.                                          tests. 
2  poles                    0  poles                   16  poles  7  poles 

Total  phone  tests  which  were  checked  correctly  by 

other  tests 9  «  36  per  cent 

Total  phone  tests  which  were  not  checked  correctly 

by  other  tests 16  =  64  per  cent 

Test  No.  4 
Six  4-part  14-in.  diameter  insulators  per  pole.     (Twin  three- 
phase  circuits  on  a  single-pole  line,    with    the    two    circuits 
solidly  connected  in  parallel  at  both  ends.) 

Location  about  20  miles  inland  north  of  San  Francisco  bay. 
209  poles  tested;  consisting  of  two  pieces  of  line  about  8  miles 
apart  and  of  70  and  139  poles  respectively. 

Phone  test  clear    Phone  test  clear    Phone  test  bom-    Phone  test  bom- 
bardment bardment 
All  shells    of   all  One  or  more  shells  All  shells  of  all  One  or  more  shells 
insulators       of  one  or  more       insulators       of  one  or  more 
found  O.  K.  by       insulators       found  O.  K.  by       instdators  found 
megger  and       found  defective      megger  and      defective      by 
voltage  test.           by  megger  and       voltage  test.            megger  and  volt- 
voltage  test.                                          age  tests. 
48  poles                  50  poles                  46  poles  65  poles 

Total  phone  tests  checked  by  other  tests 113  «  54  per  cent 

Total  phone  tests  not  checked  by  other  tests 9i 
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Test  No.  6 
Three  4-part  16-in.  diameter  insulators  per  pole. 
Location  about  3  miles  inland  from  San  Francisco  bay. 
81  poles  tested,  all  in  a  single  continuous  piece  of  line. 

Phone  test  O.  K.  Phone  test  O.  K.  Phone  test  bom-  Phone   test    bom- 
bardment bardment 
Insulators               Insulators               Insulators  Insulators 
O.  K.             Some  shell  defec-            O.  K.  Some  shell  defec- 
tive on  one  or  tive  on  one  or 
more      insula-  more  insulators, 
tors. 
9  poles                     8  poles                    12  poles  52  poles 

Total  poles  on  which  phone  test  was  checked  by 

other  tests 61  =  76  per  cent 

Total  poles  on  which  phone  test  was  not  checked  by 

other  tests 20  =  24  per  cent 

The  results  show  that  a  niunber  of  defective  insulators  can 
be  detected  and  removed  as  a  result  of  the  phone  test  but  at 
the  great  expense  of  taking  down  many  times  the  number  of 
sound  insulators  from  the  poles  showing  defective  in  order  to 
get  the  few  bad  ones.  Again,  the  expense  of  taking  down  the 
insulators  from  poles  showing  defective,  only  to  find  that  no  bad 
ones  exist.  And  lastly  perhaps  the  most  unfavorable  feature — 
trial  tests  demonstrate  a  large  percentage  of  defective  insula- 
tors are  missed  altogether  in  the  field  survey.  While  the  prob- 
ability of  future  line  trouble  is  no  doubt  decreased  in  direct 
proportion  to  the  number  of  defective  insulators  removed,  it  was 
this  last  feature  which  led  to  the  abandonment  of  the  telephone 
method  for  the  trial  of  other  schemes  which  it  is  hoped  will 
show  more  perfect  scores  in  the  results  obtained. 

Current  audible  as  a  clear  musical  tone  over  good  insulators 
is  the  same  as  that  obtained  by  antennae  effect  in  the  vicinity 
of  the  circuit  and  is  due  to  harmonics,  since  the  fundamental  at 
60  cycles  is  a  very  low  pitch  tone  too  low  to  be  at  all  noticeable 
in  the  telephone  receivers.  In  a  system  with  a  grounded  neutral 
the  principal  harmonic  is  usually  the  third  and  in  a  delta  system 
the  fifth  or  seventh. 

•  We  agree  that  brush  discharge  is  the  cause  of  the  scratching 
or  spitting  noises  heard  as  superimposed  on  the  "clear"  hum. 
Brush  discharge  is  not  necessarily  due  to  a  cracked  shell  or  a 
shell  of  low  megohm  resistance.  If  the  design  of  the  insulator 
is  such  that  the  air  is  overstressed  at  any  point,  a  brush  discharge 
will  be  formed  even  though  the  insulator  is  perfectly  good.  A 
certain  type  of  insulator  with  which  we  have  experimented,  all 
showed  '*bad*'  on  the  line  but  were  found  ''good"  when  removed 
and  tested. 

We  do  not  think  that  the  neutral  of  an  ungrounded  delta 
system  of  any  size  and  voltage  shifts  sufficiently  to  affect  the 

Digitized  by  LjOOQ IC 


1916] 


DISCUSSION  AT  SEATTLE 


1123 


voltage  over  the  insulator  on  any  one  phase  unless  an  actual 
ground  has  taken  place.  The  displacement  of  the  neutral  can 
only  be  caused  by  the  flow  of  a  very  considerable  current  to 
earth  from  one  phase.  The  current  which  must  flow  to  ground 
from  one  phase  of  a  delta  system  to  shift  the  neutral  to  that 
phase  is  equal  to  about  1.6  times  the  normal  charging  current. 
This  current  to. ground  would  be  about  18  times  1.5  or  27  am- 
peres on  a  60-kv.  system  with  100  miles  of  line.  Certainly  no 
current  which  would  leak  over  one  or  several  insulators  would 
shift  the  neutral  enough  to  affect  the  voltage  over  the  insulators 
on  that  phase. 

We  suspect  that  the  air  in  the  vicinity  of  the  second  (short) 
shell  of  the  insulator  would  become  overstressed  if  the  top  was 
defective  and  frequently  overstressed  if  the  third  or  center  was 
defective.  This  particular  type  of  insulator  appears  to  be  one 
which  lends  itself  very  well  to  the  application  of  the  method  of 
testing  described.  It  should  not  be  inferred  that  the  method 
will  l>e  equally  successful  with  other  types  of  insulators  or 
under  the  conditions  existing  on  other  systems. 

E.  E.  F.  Creighton:  An  experimental  and  theoretical  study  was 
made  of  the  telephone  method  of  testing  insulators  in  an  en- 
deavor to  bring  out  definite  information  on  the  factors  involved 


Fig.  1 


and  to  determine  the  limitation  of  its  successful  use.  The  ex- 
perimental work  may  be  divided  into  two  categories:  namely, 
first,  tests  with  gaps  and  resistance;  and  second,  tests  on  defec- 
tive insulators. 

The  apparatus  for  the  experimental  work  (Fig.  1)  consisted 
of  a  sine-wave  alternator  with  a  smooth  core;  a  50-kv.  step-up 
transformer,  three  good  suspension  disks  and  seven  defective 
pin-type  insulators,  a  small  sphere  gap  (2.6  cm.  diameter),  a 
water  resistance  tube  giving  a  resistance  of  60  megohms,  tele- 
phone receivers  (one  of  5-ohms  resistance  and  one  of  70-ohms 
resistance),  and  a  resistance  box  for  shunting  these  telephones. 
The  studies  made  can  be  designated  under  five  categories: 

1st,  determine  the  point  of  brush  discharge  in  the  insulator 
when  there  is  neither  series  resistance  nor  series  gap  in  the  cir-    . 
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cuit;  2nd,  determine  the  effect  of  series  resistance  in  diminishing 
the  sound  in  the  telephone  receiver  when  there  is  no  gap  in  series; 
3rd,  determine  the  effect  in  the  receiver  of  introducing  a  con- 
tinuously increasing  series  gap  when  there  is  series  resistance  in 
the  circuit,  and  4th,  the  same  with  no  series  resistance  in  the 
circuit;  5th,  determine  how  much  shunting  resistance  in  parallel 
with  the  telephone  receiver  becomes  undesirable. 

Test  With  Good  Insulators  in  Series 

No  attempt  will  be  made  to  present  the  tests  in  detail  but 
rather  to  give  the  deductions  made  from  these  tests,  which  will 
be  designated  a.s  A,  B,  C,  D,  and  £. 

Conclusion  A,  When  there  is  no  gap  in  series  with  the  in- 
sulator and  the  charging  current  of  a  single  suspension  disk 
insulator  is  carried  through  the  telephone  a  pure  sine  wave  gives 
a  low,  musical  note.  With  a  difference  in  sensibility  of  the 
telephone  receiver  and  difference  in  attention  the  60-cycle  note 
becomes  audible  for  different  values  of  current.  In  a  noisy  room 
with  a  70-ohm  receiver  in  series  with  a  single  10-in.  suspen- 
sion disk  the  sound  becomes  audible  at  20  kv.  applied.  Since 
the  capacitance  of  a  single  disk  is  about  34  times  10"^^  farad, 
its  reactance  will  be  85  megohms,  and  the  current  in  the  receiver 
236  micro-amperes. 

When  the  resistance  of  68  megohms  was  placed  in  series  with 
the  insulator  there  was  an  appreciable  decrease  in  the  sound, 
due  to  the  decrease  in  current.  Since  the  reactance  and  resis- 
tance combine  at  right  angles,  the  total  resistance  in  the  circuit 
was  110  megohms  which  allowed  the  passage  of  182  micro- 
amperes (77  per  cent  of  the  previous  value).  The  musical  note 
was  pure  to  start  off  with  and  went  through  no  changes  in  timbre 
by  the  introduction  of  the  resistance. 

This  leads  to  the  conclusion  that  porous  insulators  which  have 
absorbed  moisture  and  have  a  measurable  resistance  in  megohms 
or  lower  will  give  no  indication  in  the  telephone  of  their  defec- 
tiveness. The  same  conclusion  applies  if  the  insulator  is  cracked 
and  filled  with  moisture  which  makes  a  moisture  contact  with 
the  cement.  If  the  contact  between  the  cement  and  the  crack 
is  made  by  means  of  a  small  spark,  then  the  conditions  are 
different  and  a  discussion  will  follow  under  a  later  paragraph. 

Conclusion  B.  By  gradually  raising  the  voltage  on  the  sus- 
pension disk  from  20  kv.  the  growth  of  the  brush  discharge  in 
the  insulator  can  be  heard  in  the  telephone.  The  brush  dis- 
charge is  also  audible  directly  from  the  insulator.  At  50  kv. 
there  is  considerable  roughness  in  the  musical  note  which  can  be 
attributed  to  the  brush  discharge  from  the  various  points  on  the 
surface  of  the  Portland  cement  in  the  head  of  the  insulator. 
Once  familiar  with  this  sound  of  the  uniformly  distributed  brush 
discharge  it  can  be  distinguished  from  the  other  sounds  which 
will  be  described  later.  This  soimd  is  somewhat  diminished  by 
the  introduction  of  68  megohms  in  series  with  the  suspension 
disk.  ^  T 
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Concltision  C  If  the  resistance  is  left  in  series  and  the  voltage 
is  maintained  constant,  say  at  50  kv.  and  the  sphere  gap  is 
gradually  opened,  a  new  sound  of  rather  high  pitch  but  not  a 
musical  note  takes  place.  As  the  gap  is  gradually  opened  to 
0.02  in.  the  pitch  gradually  decreases  and  the  intensity  of 
sound  increases.  Beyond  this  gap  length  the  sound  takes  on 
gradually  a  different  note.  The  sounds  are  ftdl  of  different 
noises  which  gradually  grow  and  fade  in  a  way  which  baffles 
description  in  words.  At  small  gaps  there  is  a  hissing  noise  like 
the  escape  of  steam.  As  the  gap  increases  there  is  superposed  a 
disagreeable  muscial  note  of  decreasing  pitch.  Then  there  ap- 
pears a  rumble  like  the  sound  given  off  from  the  rails  by  a  rapidly 
moving  express  train.  This  gradually  passes  into  a  disagree- 
able scratchy  sound  and  at  the  larger  gaps  ending  up  with  a 
distinct  rattling  sound  as  the  sparks  become  less  and  less  fre- 
quent per  second.  From  the  smallest  gap  to  the  largest  gap  the 
intensity  of  the  noise,  irrespective  of  its  character,  gradually 
increases,  so  long  as  the  series  resistance  is  left  in  place.  The 
difference  between  the  sound  given  out  by  the  series  spark  and 
the  sine  wave  current  without  series  spark  may  be  described  as 
the  difference  between  a  noise  and  a  musical  note.  It  is  just 
as  distinct  as  the  difference  between  mtdtiple  strokes  on  a  bell 
and  multiple  strokes  on  the  bottom  of  a  dish-pan. 

We  may  conclude  from  this  that  any  spark  in  an  insulator 
with  the  resistance  of  a  wooden  pole  in  series  will  catise  a  peculiar 
sound  in  the  telephone  receiver,  the  nature  of  the  sound  depend- 
ing on  the  length  of  the  spark  in  the  instdator.  If  a  single  skirt 
of  a  pin-type  insulator  is  cracked  and  the  charging  current  is 
sparking  into  this  crack,  the  sound  will  be  distinctly  heard  on 
the  telephone  and  it  will  have  a  note  that  can  be  distinguished 
from  both  the  musical  note  and  the  evenly  distributed  brush 
discharges.  The  telephone  receiver  then  is  fitted  to  detect  this 
kind  of  a  fatdt  in  an  instdator  but  the  voltage  must  be  such  as 
to  cause  the  spark.  A  spark  may  not  necessarily  be  due  to  a 
defective  porcelain  and  a  cracked  porcelain  may  be  so  full  of 
moisture  as  not  to  spark. 

Conclusion  D  If  the  series  resistance  is  entirely  eliminated 
and  the  charging  current  of  the  insulator  is  taken  through  the 
telephone  with  a  series  gap  gradually  increased,  a  result  will  be 
obtained  quite  contrary  to  the  ones  just  described.  When  the 
resistance  is  not  in  series  and  with  the  tiniest  spark  playing,  a 
very  high  pitch  is  obtained  which  is  something  more  than  a  noise 
and  may  be  described  as  a  rather  disagreeable  musical  note.  For 
small  gaps  the  sounds  are  somewhat  similar  to  those  with  re- 
sistance in  series.  As  the  gap  opens  the  pitch  decreases  and 
the  noise  becomes  very  scratchy  beyond  0.02  in.  Beyond 
this  gap  also,  the  noise  begins  to  decrease  in  intensity  until  the 
maximum  spark  gap,  about  0.35  in.  is  reached  when  the 
sound  has  very  greatly  decreased  although  it  is  still  audible. 
It  Jias  very  little  resemblance  to  the  sound  given  by  the  same 
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spark  length  when  the  resistance  is  in  series.  It  should  be 
noted  that  the  sound  decreases  rather  than  increases  with  the 
gap  length  after  the  first  O.Olin.  or  0.02  in.  is  passed.  The 
high  pitched  noises  at  small  gap  lengths  are  due,  partially 
at  least,  to  many  successive  sparks  jumping  the  gap  for  every 
cycle  of  the  generator  wave.  Larger  gaps  require  more  voltage 
built  up  before  the  spark  takes  place  and  therefore  there  are  a  less 
number  per  cycle. 

If  this  method  then  is  applied  to  an  insulator  on  a  metal 
tower,  quite  different  intensities  of  sound  will  be  obtained  from 
those  on  a  wooden  pole  line. 

It  seems  desirable  to  endeavor  to  point  out  the  cause  of  the 
difference  in  the  sound  in  the  telephone  receiver  when  the  series 
resistance  is  used  and  when  not.  With  a  high  resistance  in 
series  the  condenser  discharge  from  the  insulator  capacitance  is 
so  thoroughly  damped  that  it  passes  through  the  telephone  as 
a  single  impulse  and  we  get  the  eflfect  on  the  iron  disk  of  a  single 
blow  on  the  bottom  of  a  dish-pan.  When  there  is  no  series  re- 
sistance the  discharge  of  this  condenser  is  damped  comparatively 
little  and  as  a  result  the  iron  disk  of  the  telephone  will  re- 
ceive a  blow  first  in  one  direction  and  then  in  the  other 
direction  as  the  logarithmic  wave  dies  out.  This  frequency  is  so 
high  that  the  inertia  of  the  disk  will  not  allow  it  to  move  in 
synchronism  with  the  oscillation.  Therefore  each  half-cycle  of 
the  oscillation  counteracts  the  previous  one,  leaving  the  disk 
almost  stationary.  As  a  result  there  is  a  very  little  sound  given 
out. 

Conclusion  E.  It  is  found  that  when  the  resistance  in  parallel 
with  the  telephone  has  a  value  five  times  the  resistance  of  the 
telephone  there  is  an  appreciable  diminution  in  the  sound.  As 
the  shunting  resistance  increases  the  sound  gradually  increases 
and  above  20  to  50  times  the  resistance  of  the  telephone,  the 
sound  in  the  telephone  has  approximately  its  full  value. 

Tests  With  Defective  Pin-Type  Insulators 

These  tests  were  made  on  seven  defective  insulators  fiu-nished 
the  writer  by  Mr.  P.  M.  Downing  from  the  Pacific  Gas  &  Elec- 
tric Company's  lines  last  fall.  To  avoid  prejudicial  information 
the  tests  with  the  telephone  were  carried  out  without  any 
regard  to  the  defects  of  the  insulators  and  subsequently  the  in- 
sulators were  tested  up  with  the  megger  on  each  separate  skirt 
and  the  defective  ones  listed.  The  data  were  then  rearranged 
for  the  convenience  of  the  reader,  placing  the  insulators  in  the 
order  of  their  defectiveness,  the  least  defective"  being  placed 
first. 

These  insulators  were  used  on  60-kv.  circuit  and  their  Y  volt- 
age would  therefore  be  about  35  kv.  The  record  given  here  is 
for  an  application  of  43  kv.  which  is  23  per  cent  above  the  Y 
voltage.  The  reasons  for  this  choice  were  several-fold.  In  the 
first  place  the  laboratory  was  noisier  than  the  usual  location  of 
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a  transmission  pole*  Second,  it  was  desired  to  make  the  labora- 
tory test  a  little  more  severe  than  the  usual  conditions  of  the 
line  to  make  up  for  high-voltage  surges  which  would  naturally 
occur  on  the  line,  and  third,  an  endeavor  to  make  the  test  volt- 
age a  little  more  severe  than  could  be  found  in  practise  with 
the  idea  of  determining  the  best  results  which  might  be  obtained 
in  actual  service.  No  doubt  with  a  more  sensitive  telephone 
receiver  more  noise  cotdd  have  been  obtained  but  it  is  doubtful 
if  the  greater  intensity  of  noise  in  the  telephone  receiver  would 
have  given  any  distinguishing  effect.  This  conclusion  is  drawn 
from  the  fact  that  perfect  insulators  of  the  suspension  type  gave 
more  noise  by  internal  brush  discharge  than  the  defective  in- 
sulators of  the  pin  type. 

The  first  test  consisted  in  connecting  up  the  pin  to  one  terminal 
of  the  insulator  and  allowing  the  other  connection  to  hang  in 
the  air  parallel  to  the  insulator  about  8  in.  away.  A  very 
considerable  corona  could  be  heard  directly  on  this  wire  but  no 
appreciable  sounds  could  be  detected  in  the  telephone  receiver. 
This  shows  that  any  noise  obtained  does  not  come  from  the  dis- 
tant points  of  the  loads  but  mu^t  come  from  those  more  directly 
in  contact  with  the  porcelain. 

Tests  on  Insulator  No.  1.  This  insulator  originally  measured 
less  than  10  megohms  on  skirts  3  and  4,  counting  the  skirt  next 
to  the  line  as  No.  1.  However,  it  had  dried  out  at  the  time  the 
telephone  test  was  made  and  all  four  skirts  measured  infinity. 
The  voltage  was  raised  on  this  insulator  up  to  50  kv.  without 
giving  any  distinguishing  sound  in  the  telephone  which  would 
indicate  that  it  was  defective. 

Tests  on  Insulator  No.  2.  The  second  skirt  of  this  insulator 
measured  2000  megohms  and  the  other  three  skirts  infinity. 
This  insulator  also  up  to  50  kv.  applied  gave  no  distinguishing 
sound  to  indicate  its  defectiveness. 

Tests  on  Insulator  No.  S.  This  insulator  originally  meggered 
less  than  10  megohms  on  skirts  2  and  3  but  by  drying  out  it 
measured  2000  megohms  on  skirt  2  and  infinity  on  skirt  3,  and 
subsequent  to  the  last  test,  skirt  4  developed  defectiveness  and 
had  a  resistance  of  10  megohms.  As  it  stands  at  the  present 
time  then,  skirt  4  measured  10  megohms  and  skirt  2,  2000  meg- 
ohms. At  43  kv.,  23  per  cent  above  Y  voltage,  there  was  no 
audible  sound  to  indicate  defectiveness.  However,  at  50  kv. 
a  distinct  brush  discharge  could  be  heard.  This  sound  of  the 
brush  discharge  is  sufficiently  different  from  the  spark  of  the 
gap  in  series  to  be  distinguished  but  not  described.  The  defect 
in  this  insulator  could  not  be  told  by  our  telephone  tests. 

Tests  on  Insulator  No,  4.  This  insulator  was  slightly  worse 
than  the  previous  one  in  that  skirt  2  measiu*ed  less  than  10  meg- 
ohms— ^how  much  less  is  not  known  since  the  megger  needle 
went  to  its  zero  value.  Skirt  4  gave  2000  megohms.  With  68 
megohms  in  series  to  represent  the  resistance  of  a  transmission 
pole  no  distinguishing  sotmd  of  fault  could  be  heard  in  the  tele- 
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phone  either  at  43  kv.  or  at  60  kv.  When  the  series  resistance 
was  cut  out  there  was  a  sound  such  as  a  slight,  distributed  brush 
discharge  in  an  insulator  would  give.  At  50  kv.  this  sound  of 
brush  (Sscharge  was  intensified  but  there  were  no  indications  of 
sparks  taking  place  internally  in  the  insulator.  It  shotdd  be 
noted  that  series  resistance  decreased  the  sound  of  the  telephone 
and  is  just  the  contrary  to  the  effect  obtained  with  a  long  series 
gap  where  the  spark  could  take  place  in  concentrated  form. 
Attention  is  called  to  this  fact  to  show  the  various  soimds  that 
can  be  given  out  under  the  various  conditions.  The  operator 
must  learn  these  sounds  that  correspond  to  the  different  con- 
ditions by  actual  use.  This  experience  has  a  bearing  on  how 
near  to  the  instdator  the  lineman  must  be  in  order  to  obtain 
the  desired  degree  of  intensity.  Again  his  personal  judgment 
must  be  depended  upon. 

Tests  on  Instdator  No,  6.  This  insulator  originally  meggered 
less  than  10  megohms  on  both  the  3rd  and  4th  skirts.  However, 
at  the  time  of  test  the  third  skirt  had  risen  to  30  megohms 
With  a  series  resistance  of  68  megohms  and  the  potential  at  43 
kv.  there  was  no  distinguishing  sound  of  defectiveness. 

With  the  series  resistance  cut  out  there  was  quite  a  distinct 
brush  discharge  audible  at  43  kv.  At  35  kv.  it  was  proportion- 
ately less,  although  it  is  very  probable  that  the  noise  of  the  brush 
discharge  might  be  sufficient  to  throw  this  insulator  under  sus- 
picion. 

At  50  kv.  applied  an  internal  spark  suddenly  took  place.  The 
difference  in  the  sound  was  unmistakable. 

Tests  on  Insulator  No,  6.  This  instdator  was  slightly  more 
deteriorated  than  No.  5  in  that  both  skirts  3  and  4  measiu-e  less 
than  10  megohms.  The  needle  of  the  thousand-volt  megger 
went  against  its  zero  spot. 

The  same  sound  of  brush  discharge  could  be  heard  on  this 
insulator  as  on  the  previous  one.  At  50  kv.,  however,  only  the 
brush  discharge  was  intensified  without  giving  any  soimd  of 
internal  spark. 

Tests  on  Insulator  No,  7.  This  insulator  was  the  worst  of  all, 
having  the  2nd,  3rd,  and  4th  skirts  all  meggering  too  low  to  read 
on  the  thousand-volt  megger.  On  this  insulator  very  little  sotmd 
of  brush  discharge  could  be  heard  at  43  kv.  when  68  megohms  of 
series  resistance  was  used.  Without  the  series  resistance,  how- 
ever, distinct  sounds  of  brush  discharge  could  be  heard  at  volt- 
ages as  low  as  15  kv.  At  43  kv.  and  no  series  resistance,  there 
was  not  only  a  loud  noise  of  the  brush  discharge  but  also  a 
superposed  sotmd  of  higher  pitch.  There  can  be  no  doubt  that 
by  this  method  any  operator  with  the  slightest  experience  could 
detect  this  insulator  as  faulty. 

General  Conclusions.  These  data  lead  one  to  the  following 
tentative  conclusions  regarding  this  method  of  test : 

1st.  The  method  apparently  cannot  give  good  results  for 
porous  insulators  with  either  air  or  water  in  the  pores  although 
such  porcelain  is  defective,  r^  ^  ^ ^T ^ 
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2nd.  Insulators  with  three  petticoats  out  of  four  defective 
showed  up  with  great  intensity.  Insulators  with  two  skirts  out 
of  foiu"  defective  may  apparently  be  distinguished  in  many  cases 
provided  series  resistance  is  eliminated  by  making  the  telephone 
connection  near  the  insulator  pin. 

3rd.  Considerable  diflSculty  will  be  encotmtered  using  the 
method  on  a  metal  tower  with  the  pins  grounded.  A  low  re- 
sistance telephone  will  then  be  desirable  and  possibly  a  ground 
connection  separate  from  the  tower  legs. 

4th.  Certain  conditions  on  the  line  will  make  the  method 
more  favorable  there  than  in  the  laboratory  tests,  such  as  quiet 
stirrotmdings  and  more  high-voltage  surges.  On  the  other 
hand,  certain  disadvantages  may  be  encountered  in  the  presence 
of  the  higher  harmonics  of  the  generator,  especially  the  11th, 
13th,  17th  and  19th  harmonics  which  correspond  to  12  teeth 
per  pair  of  poles  and  18  teeth  per  pair  of  poles.  These  harmonics 
will  be  more  or  less  magnified  by  the  capacitance  of  the  line, 
depending  upon  how  much  the  circuit  is  loaded.  Such  har- 
monics will  give  a  different  timbre  to  the  sound  in  the  telephone. 

5th.  The  laboratory  tests  would  indicate  that  roughness  in 
the  surface  of  the  Portland  cement,  such  as  might  be  caused  by 
the  presence  of  an  air  bubble  on  the  surface  of  the  porcelain  at 
the  time  the  cement  was  set,  might  cause  local  brush  discharge 
indistinguishable  from  the  noise  produced  by  a  defective  porce- 
lain. Such  a  local  spark  can  be  easily  reproduced  experiment- 
ally by  twisting  a  wire  around  the  metal  pin  of  a  suspension  in- 
sulator and  extending  it  out  a  fraction  of  an  inch,  leaving  the 
point  not  quite  in  contact  with  the  porcelain. 

6th.  With  all  that  has  been  said  regarding  the  possible  in- 
•  accuracies  of  this  method,  it  still  remains  as  a  very  cheap  and 
simple  method  of  detecting  pin-type  insulators  which  are  in  An 
advanced  stage  of.  deterioration. 


Digitized  by 


Google 


Digitized  by  LjOOQ IC 


Prestttted  at  tht  Pacific  Coast  Conventitm  of 
th€  American  Institute  of  Electrical  Engineers, 
Seattle,  Wash.,  September  6,  1016 

Copyright  191B.    By  A.  I.  B.  E. 


THE  HIGH-VOLTAGE  POTENTIOMETER 


BY   HARRIS   J.    RYAN 


Abstract  of  Paper 


The  author  describes  a  high-voltage  potentiometer  which  may 
be  made  at  reasonable  expense  consisting  of  a  water  resistance 
potential  distributor  and  a  sparking  probe  potential  difference 
detector.  The  water  resistance  consists  of  a  column  of  water  mov- 
ing slowly  through  an  ample  length  of  garden  hose,  and  tapping 
in  points  through  which  to  connect  the  probe  are  provided  by 
breaking  the  hose  at  regular  intervals  and  connecting  it  with  any 
of  the  plain  metal  connectors  found  on  the  market  as  "hose 
menders."  The  results  of  an  integrity  trial  are  charted  in 
Fig.  2.  The  device  is  intended  for  investigations  in  which  the 
results  are  not  required  to  be  known  within  2  or  3  per  cent  of 
their  actual  value. 

THE  potentimoter  method  for  the  determination  of  altering 
potentials  or  for  the  measurement  of  alternating-voltage 
duties  requires:  1.  A  distributor  of  alternating  potential, 
identical  in  phase  and  wave  form  with  the  alternating  potential 
to  be  determined.  2.  A  satisfactory  potential  difference  de- 
tector to  determine  when  the  known  potential  from  the  dis- 
tributor matches  the  unknown  potential  to  be  measured.  For 
a  high- voltage  potentiometer  at  reasonable  expense  the  following 
types  are  feasible: 

A  source  of  synchronous  variable  voltage  that  matches  the 
voltage  to  be  measured  in  phase  and  wave  form;  requires  a 
phase-shifting  transformer  and  an  induction  regulator  or  a  suit- 
able multiple-tap  transformer. 

A  condenser  connected  to  the  high-voltage  source  having  a 
variable  potential  feature  as  follows:  A  fluid  dielectric  and  a 
potential  tapping  plate  electrode  that  may  be  moved  to  any 
position  between  the  main  electrodes  of  the  condenser,  or  a 
series  of  electrode  potential  plates  mounted  in  the  dielectric 
between  the  main  electrodes  at  uniform  intervals. 

A  chain  of  equal  water  resistances  connected  across  the  same 
high-voltage  source  as  the  test  specimen  from  which  any  re- 
quired potential  may  be  tapped. 
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There  are  two  types  of  detector  available: 

The  sparking  probe. 

The  Bennet  small  current  oscillograph.* 

In  the  sparking  probe  detector  advantage  is  taken  of  the 
fact  that  a  spark  occurs  at  a  pointed  electrode  when  used  to 
connect  two  condensers  charged  to  different  potentials.  This 
is  true  even  when  the  capacitances  and  differences  of  potentials 
are  small.  In  the  Bennet  detector  an  oscillograph  with  suitable 
auxiliary  equipment  is  used  to  observe  the  charging  current 
taken  by  the  insulator  system  under  observation,  and  to  note 
when  the  potential  applied  to  a  conductor  is  such  that  it  may  be 
brought  in  contact  with  a  metal  part  of  the  insulator  system 
without  disturbing  the  normal  value  of  such  charging  current. 

The  author  has  had  experience  in  the  development  and  use 
of  these  several  potential  distributors  and  the  sparking  probe 
detector.  He  has  had  no  experience  with  the  Bennet  detector, 
though  he  is  convinced,  from  his  own  experience,  that  such 
detector  will  yield  reliable  results.  Of  the  several  expedients 
specified  it  has  been  found  that  the  water  resistance  distributor 
and  the  probe  detector  constitute  a  convenient  and  reliable  high- 
voltage  potentiometer  that  may  be  constructed  of  common 
materials  with  ordinarily  skilled  labor  at  small  cost.  A  column 
of  water  moving  slowly  through  an  ample  length  of  garden  hose 
constitutes  the  resistance.  The  length  of  hose  required  for  a 
given  over-all  voltage  may  vary  considerably.  The  author  has 
used  one  foot  (30.4  cm.)  of  hose/>cr  one  /A<)tt^an(/ maximum  range 
effective  volts,  Tapping-in  points  from  which  to  connect  the 
cable  leading  to  the  probe  are  provided  by  breaking  the  hose 
at  regular  intervals  and  connecting  it  with  any  of  the  plain 
metal  connectors  found  on  the  market  as  **hose  menders".  The 
illustration  in  Fig.  1  was  taken  from  a  photograph  of  one  of 
these  water  column  potential  distributors.  The  hose  is  of  the 
common  three-quarter-inch  (1.9  cm.)  variety,  75  ft.  (22.8  m.) 
long,  in  50  sections  of  18  in.  (45.6  cm.)  each.  It  is  formed  into 
a  cylindrical  helix  of  twelve  and  one  half  turns  on  a  diameter  so 
as  to  use  four  sections  per  turn  and  so  as  to  make  corresponding 
metal  connectors  line  up  in  four  columns  on  the  surface  of  the 
helix-cylinder.  The  turns  are  spaced,  insulated  and  held  to- 
gether by  strain  insulators  and  light  galvanized  steel  strands 

•Distributing  Potential  over  a  String  of  Insulators.  By  J.  L.  Brenne- 
man  and  Harold  M.  Crothers.  EUctrical  Worlds  Vol.  64,  Dec.  5,  1014. 
p.  1095. 
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Fig.  1 — High  voltage  Potentiometer     [ryanI 
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located  at  the  metal  connectors.  The  hose  starts  at  the  bottom 
from  one  branch  of  a  supporting  cross  formed  of  three-quarter-in. 
(1.9  cm.)  galvanized  iron  pipe  and  a  five-way  fence-pipe  fitting. 
It  ends  at  the  top  in  a  branch  of  a  duplicate  pipe  structure. 
The  bottom  end  is  attached  to  the  water  supply  and  grounded 
if  this  water  connection  is  made  through  rubber  or  other  non- 
conducting hose.  The  branch  of  the  top  cross  is  connected  to 
one  of  the  high-voltage  source  terminals  and  extended  hori- 
zontally to  a  convenient  distance,  five  ft.  (1.5  m.),  and  ter- 
minated downward  in  a  conmion  sprinkler  nozzle.  The  open- 
ings in  the  nozzle  are  large  and  numerous  enough  to  permit 
ample  exit  of  water  without  pressure.  The  water  then  falls 
away  in  drops,  thus  breaking  the  circuit  that  would  otherwise 
be  formed  in  parallel  with  the  distributor  circuit. 

One  of  the  four  columns  formed  by  the  strain  insulators  is 
selected  for  mounting  the  tapping-in  terminals  of  the  conductors 
that  lead  through  the  interior  of  the  helix  to  their  corresponding 
metal  hose  connectors.  These  tap  conductors  are  made  of 
No.  10,  B.  &  S.  gage  galvanized  steel  wire.  To  make  probe 
connecting  terminals  at  the  outer  ends  of  these  tapping  wires, 
such  ends  are  formed  into  nearly  complete  rings  finished  with  . 
eyes  and  clamped  with  small  bolts  in  proper  order  around  the 
strain  insulators.  In  an  over-all  sense  this  construction  is  stra- 
tegic against  corona  formation. 

Ordinarily  75  kilovolts  will  set  up  50  milliamperes  through 
this  distributor.  The  amount  of  the  current  naturally  depends 
upon  the  temperature  of  and  the  impurities  in  the  water.  Obvi- 
ously variation  in  the  value  of  the  current  through  the  dis- 
tributor does  not  affect  the  integrity  of  the  potentiometer  results. 
It  is  only  necessary  in  connection  herewith  that  the  current 
shall  always  be  large  compared  with  the  charging  current  that 
passes  from  the  probe  cable  to  surrounding  objects.  The  length 
of  the  cable  used  with  this  distributor  is  ten  ft.  (three  m.)  Its 
capacitance  to  earth  does  not  exceed  0.000025  microfarads  and 
the  charging  current  liberated  from  it  at  75  kilovolts  to  earth 
is,  therefore,  not  more  than  seven-tenths  of  a  milliampere. 

The  development  and  study  of  these  various  forms  of  high- 
voltage  potentiometer  was  begun  in  March,  1912.  Many 
integrity  trials  of  them  have  been  made.  Some  of  the  results 
thus  obtained   have  been   published.*     The  water  resistance 

*High- Voltage  Potentiometers  Jour,  ElecUicity^  Power ^  and  Gas, 
Vol.  34,  April  10,  1015. 
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distributor  was  developed  during  the  present  year  and  after  the 
author  was  told  by  Mr.  Faccioli  that  a  resistance  distributor 
had  been  found  to  give  excellent  results.  Experience  with  the 
transformer  and  condenser  types  of  distributor  showed  that 
the  water  resistance  distributor  must  yield  reliable  results,  con- 
sequently only  one  integrity  trial  of  it  has  been  made,  and  that 
with  no  particular  care.  In  this  trial  the  potentials  of  a  light 
chain  were  determined  when  suspended  in  the  electric  field 
formed  between  two  parallel  lengths  of  pipe  by  140  kilovolts. 
The  chain  was  mounted  at  various  distances  from  one  of  the 
conductors  and  its  corresponding  potentials  were  determined 
by  the  potentiometer  and  calculated  from  the  known  dimensions. 
The  results  are  charted  in  Fig.  2.     No  great  accuracy  is  claimed 


10        20        30        40        50        60       70 
POTENTIAL  OF  CHAIN  BY  POSITION 

Fig.  2. 


for  the  outfit.  It  is  intended  only  for  those  studies  in  which  the 
results  are  not  required  to  be  known  within  two  or  three  per 
cent  of  their  actual  values.* 

The  potentiometer  may  be  used  to  determine  the  potential 
of  any  outline  or  surface  of  an  insulation  system  whereat  or 
where-on  a  metal  wire  or  sheet  may  be  mounted  and  to  which 
the  potential  probe  can  be  applied.  Such  wire  or  sheet  is 
called  the  insulator  potential  electrode.  In  general  the  capaci- 
tance of  the  insulator  potential  electrode  is  relatively  small. 
The  eifect  of  the  presence  of  the  probe  will,  therefore,  be  such 

*It  should  be  noted  that  the  results  of  the  integrity  trial  charted  in 
Fig.  2  embrace  two  classes  of  errors,  only  one  of  which  is  chargeable  to 
the  potentiometer,  while  structural  deformities  and  defects  in  chain 
location  measurements  are  responsible  for  the  other. 
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as  to  alter  the  potential  of  the  electrode  somewhat.  The  only- 
result  thereof  is  to  widen  the  zone  of  potential  through  which 
the  detector  indicates  an  equally  good  balance.  This  effect 
occurs  alike  above  and  below  the  true  potential  of  the  insulator 
electrode  and  is  eliminated  by  reading  at  the  middle  of  the 
potential  balance  zone.  The  true  balance  must  often  fall  be- 
tween the  potential  taps  as  actually  provided  in  the  distributor. 
This  is  an  additional  cause  that  generally  prevents  a  tap  being 
found  at  which  absolutely  no  probing  spark  is  discemable  in 
full  darkness.  For  example  in  securing  the  results  charted  in 
Fig.  2  when  the  center  of  the  chain  was  located  seven  in.  (2.1  m.) 
from  the  surface  of  one  of  the  high-voltage  conductors  a  faint 
but  definite  s^park  occurred  between  the  probe  point  and  chain 
at  the  22  per  cent  tap  and  again  at  the  25  per  cent  tap;  23.5  per 
cent  of  the  line  voltage  was,  therefore,  given  as  the  reading  for 
the  potential  of  the  chain  in  this  position.  When  the  probe 
point  was  applied  to  the  chain  carrying  potential  tapped  at  23 
and  24  per  cent  of  the  line  voltage,  barely 
discernable  sparks  passed;  they  did  not 
differ  in  recognizable  degree  showing  that 
the  true  balance  occurred  midway  between 
them, 
p^^   Q  It  is  not  thought  necessary   to  discuss 

matters  of  this  sort  furthef.  It  is  believed 
that  anyone  whose  general  training  and  experience  have  prepared 
them  to  take  up  work  of  the  present  character  will  have  no 
difficulty  in  learning  quickly  from  their  own  perceptions  and 
efforts  the  correct  procedure  for  this  sort  of  potentiometer. 
Obviously  two  persons  must  work  together  to  apply  it.  One 
handles  the  probe  and  the  other  handles  the  probe  cable  from 
tap  to  tap  in  the  distributor  until  a  potential  balance  is 
found.  The  probe  and  tap  ends  of  the  probe  cable  are  each 
handled  at  the  end  of  a  suitable  stick  of  clear  quality 
wood,  such  as  redwood,  white  pine  or  poplar,  impregnated  with 
paraffin  as  a  precaution  against  the  absorption  of  water.  In 
work  upon  such  insulation  systems  as  a  suspension  type  insulator 
the  person  or  the  operator  should  be  as  distant  as  possible  and 
permit  of  the  proper  handling  of  the  probe  in  order  that  the 
electric  field  about  the  insulator  and  therefore  the  voltage  duties 
of  its  parts  will  not  be  disturbed.  It  is  thought  unnecessary  to 
point  out  the  many  expedients  that  may  be  employed  in  locating 
and  mounting  insulator  potential  electrodes  so  as  to  explor^the      ^ 
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intensity  of  the  electric  fields  in  the  air,  oil  or  within  the  solid 
dielectrics  of  any  system  of  insulation.  These  will  promptly 
suggest  themselves  to  anyone  likely  to  have  work  of  this  sort 
on  his  hands  to  do. 

In  Fig.  3  the  cross  section  of  a  pin-type  insulator  is  given 
showing  the  location  of  wire  hoops  to  constitute  insulator  poten- 
tial electrodes  for  the  purpose  of  determining  the  voltage  duty 
of  the  air  about  the  instdator,  over  its  surfaces  and  through  its 
solid  sections.  It  is  obvious  that  these  wire  hoops  must  be 
located  in  equipotential  surfaces.  Their  presence  does  not  dis- 
turb the  electric  field  nor  the  voltage  duties  of  the  insulator 
parts  and  of  the  surrounding  air. 
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AN  ARTIFICIAL  TRANSMISSION  LINE  WITH 
ADJUSTABLE  LINE  CONSTANTS 


BY    C.    EDWARD   MAGNUSSON   AND   S.    R.    BURBANK 


Abstract  of  Paper 

A  description  is  given  of  an  artificial  transmission  line  which 
can  be  readily  adjusted  to  represent  200  miles  (321.86  km.)  of 
commercial  transmission  lines  of  any  spacing  up  to  a  maximum  of 
120  in.  (3  m.)  and  any  size  wire  up  to  4/0  copper.  It  can  also 
be  made  to  correspond  to  aerial  or  cable  telephone  lines  and  to 
power  cables.  The  use  of  this  type  of  line  in  laboratory  courses 
on  transmission  line  phenomena  is  illustrated  by  a  number  of 
typical  experiments.  It  is  shown  that  quantitative  data, 
sufficiently  accurate  for  instructional  purposes,  may  be  obtained 
by  using  portable  voltmeters  and  ammeters  and  by  the  oscillo- 
graph. 


THAT  artificial  transmission  lines  can  l)e  used  to  advantage 
in  investigations  on  transmission  line  phenomena  is  well 
known.  It  has  been  proved  by  extended  research*  that  actual 
transmission  line  phenomena  can  be  accurately  reproduced  in 
laboratory  structures  and  that  the  theoretical  equations  cor- 
rectly express  the  quantitative  relations  between  the  line  con- 
stants, voltages,  currents,  time  and  space  phase  angles  and  other 
factors  that  enter  in  the  general  transmission  line  problem. 
Artificial  transmission  lines  have,  however,  been  used  only  to 
a  very  limited  extent  either  as  laboratory  apparatus  for  experi- 
mental work  by  students  in  power  transmission  courses,  or  by 
engineers  when  investigating  industrial  transmission  systems. 
Very  few  engineering  colleges  have  any  facilities  for  laboratory 
work  on  transmission  lines.  The  instruction  is  given  by  lectures, 
text-book  recitations  and  class-room  problems,  without  the  aid 
of  quantitative  laboratory  experiments.  As  a  consequence  com- 
paratively few  students  gain  a  clear  insight  into  transmission 
line  phenomena,  and  although  they  may  be  able  to  develop  the 
standard  equations  they  fail  to  comprehend  the  physical  phe- 
nomena involved  or  to  understand  what  actually  takes  place  in 
the  transmission  system.  That  quantitative  laboratory  experi- 
•See  Bibliography  on  page  1267. 
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ments  would  be  as  desirable  in  the  study  of  transmission  lines 
as  the  customary  experimental  work  in  courses  on  alternators, 
motors  or  telephones,  is  admitted.  The  difference  in  practise 
has  been  due  chiefly  to  a  lack  of  suitable  apparatus  for  giving 
laboratory  instruction  on  transmission  lines. 

The  purpose  of  this  paper  is  to  describe  the  design  and  con- 
struction of  an  artificial  transmission  line  adapted  to  the  re- 
quirements of  laboratory  apparatus  for  undergraduate  instruc- 
tional experiments  as  well  as  for  research,  and  to  report  a  few 
typical  experiments.  The  line 
has  been  in  successful  operation 
for  the  past  three  years  in 
the  Electrical  Engineering  Lab- 
oratories of  the  University  of 
Washington.  It  consists  of 
twenty  units  connected  in  series 
as  shown  in  Fig.  1.  Each  unit, 
Fig.  2,  is  complete  in  itself  and 
represents  approximately  ten 
miles  of  a  power  transmission 
line.  The  line  can  readily  be 
adjusted,  within  wide  limits,  to 
any  spacing  or  size  of  wire,  or 
converted  into  a  standard  tele- 
phone line.  The  wiring  dia- 
gram for  the  units  is  shown  in 
Fig.  3  and  for  the  complete  line  A^_ 
of  twenty  units  in  Fig.  4.  The 
apparatus  represents  one  line 
to  neutral  and  can  therefor  be 
used  in  experiments  on  either 
single-phase  or  polyphase  sys- 
tems.   The  diagram  shows  that 

the  line  is  of  the  "  lumpy  '*  type,  similar  to  the  artificial  line  at 
Harvard  University,*  with  the  condensers  connected  at  the  middle 
point  of  the  inductance  in  each  unit.  While  lines  with  uniformly 
distributed!  inductance,  condensance  and  resistance  comply 
strictly  with  actual  transmission  line  conditions  the  first  cost  and 
maintenance  are  much  greater  than  for  the  *  'lumpy"  type.  More- 
over the  latter  type  can  be  made  adjustable  so  as  to  represent 


Fig. 


Terminals 

3 — Wiring  Diagram  of 
Each  Unit 


*See  bibliography  Numbers  5,  6,  7,  and  8. 
I  See  Bibliography  Nqmbers  ^  ^nd  3, 
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Fig.  2 — Assembled  Unit 
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lines  of  almost  any  size  of  wire  and  for  different  spacings.  The 
spark  gap  on  each  unit  can  be  adjusted  so  as  to  provide  pro- 
tection to  the  condensers  against  excessive  voltages  that  may 
develop  under  resonance  conditions.  The  ten-mile  unit  was 
selected  as  a  sufficiently  close  approximation  to  the  uniformly 
distributed  line  constants  of  industrial  transmission  lines  for 
frequencies  up  to  800  cycles  per  second. 

Both  for  instructional  and  research  purposes  it  is  desirable 
to  have  an  apparatus  that  can  be  adjusted  so  as  to  represent 
lines  differing,  not  merely  in  length,  but  also  in  size  and  spacing 
of  the  conductors.  This  line  is  so  designed  that  it  can  readily 
be  adjusted  so  as  to  correspond  to  a  line  of  any  spacing  up  to 
120  in.  (305  cm.)  and  for  any  size  of  wire  up  to  No.  4/0  hard- 
drawn  copper.  By  the  insertion  of  a  50-ohm  non-inductive 
resistance  between  the  units  it  is  converted  into  a  telephone 
line  of  practically  standard  specifications. 

n      12      13     14     15     16     17      18     19     20 


Neutral 
Fig.  4 — Wiring  Diagram  of  Complete  Line 


To  comply  with  the  above  requirements  the  line  constants 
must  be  adjustable  within  the  following  limits: 

Resistance,  minimum  value  =  2.59  ohms. 

Inductance,  maximtun  value  =  0.021  henry; 

Condensance, =  from  0.1  to  1.0  microfarad 

Resistance.  The  resistance  of  the  inductance  coils  must  not 
exceed  minimum  resistance  in  the  unit,  each  of  the  four  coils 
must  be  equal  to  or  less  than  2.59  -5-  4  =  0.65  ohm.  Selecting 
No.  14  A.  W.  G.,  d.  c.  c,  copper,  the  length  of  wire  in  each  coil 
must  not  exceed  257  ft.  (78.3  m.).  The  coils  as  constructed* 
have  250  ft.  each,  thus  allowing  for  the  resistance  of  the  connect- 
ing wires  and  for  a  slight  adjustment  when  the  line  represents 
No.  4/0  copper  wire.  For  lines  with  smaller  sized  conductors 
the  additional  resistance  is  obtained  by  moving  the  short-cir- 
cuiting clamp  on  the  loop  of  **  Advance "  resistance  wire. 
Fies.  2  and  3. 
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Inductance.  The  inductance  is  obtained  from  four  short  air- 
core  solenoids  arranged  in  a  square.  For  a  given  length  of  wire 
the  inductance  depends  on  the  dimensions  of  the  coil.  The  re- 
(^uired  dimensions  were  obtained  by  means  of  Brooks  Formulaf. 
The  final  dimensions  of  the  coils  as  constructed  are: 

Mean  radius 2.20  inches  (5.59  cm.) 

Length  of  coil 2.15      «       (5.47  cm.) 

Thickness  of  winding O.GO      •       (1.52  cm.) 

Length  of  wire 250.  feet       (76.3    m.) 

Number  of  turns  (eight  layers  of  twenty-seven  turns  each) 216. 

The  mutual  inductance  is  very  nearly  8  per  cent  of  the  self- 
inductance  for  each  unit.  With  the  coils  in  position  the  measured 
value  corresponds  to  the  amount  required. 

The  inductance  in  each  unit  can  be  varied  by  turning  the  right 
hand  coil  and  by  using  the  taps  on  the  lower  coil.    Any  induct- 


TABLB  I. 
Unit  No.  16. 


Position  of 

movable 

coU 

Coils  in  Series 

4 

3f 

3i 

31 

3 

2 

0* 
46* 

90* 
186* 
ISO- 

0.0214 
0.0209 
0.0190 
0.0188 
0.0186 

0.0193 
0.0186 
0.0178 
0.0171 
0.0168 

0.0176 
0.0167 
0.0160 
0.0168 
0.0162 

0.0161 
0.0166 
0.0149 
0.0145 
0.0142 

0.0164 

0.0098 

ance  up  to  the  maximum  value  can  be  obtained  by  making  the 
proper  adjustments.  All  the  units  have  been  calibrated  showing 
the  inductance  for  five  positions  of  the  movable  coil  and  for 
four  taps  on  the  lower  coil  as  illustrated  in  Table  1. 

The  average  maximum  inductance  for  the  whole  line  is  0.0213 
henry  for  each  unit.  The  measured  inductance  for  the  several 
units  varies  from  0.021  to  0.022  except  for  unit  No.  2  which  is 
0.0197  henry. 

Condensance.  The  line  condensance  is  obtained  from  200 
standard  telephone  condensers,  type  No.  21-AA,  guaranteed 
to  stand  1000  volts.  Each  unit  has  ten  condensers  connected 
in  series  with  taps  brought  out  at  the  terminals  of  the  5th,  6th, 
7th,  8th,  9th,  and  10th  condenser.  Each  unit  has  been  calibrated 
and  the  results  tabulated  as  illustrated  by  Table  2. 


t University  of  Illinois,  Bulletin  No.  53. 
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A  spaxk-gap  was  connected  across  the  condensers  as  a  pro- 
tection against  voltages  in  excess  of  the  rated  value  of  1000  volts 
per  condenser.    Under  resonance  conditions  this  protection  is 
necessary. 

Cost.    The  cost  per  unit  was  approximately  $24.00,  or  a  total 
of  $480.00  for  the  complete  line  of  twenty  units. 

Instruments.     For  accurate  measurements  an  a-c.  potentio- 


TABLE   11. 
Unit  No.  15. 

6 

6                    7                    8 

9 

10 

Microfarads 

0.182 

0.151             0.131             0.114 

0.102 

0.002 

meter  is  necessary  and  an  instrument  like  the  Drysdale-Tinsley 
alternating  and  continuous  current  potentiometer  gives  excellent 
results.  Unfortunatdy  the  potentiometer  is  expensive  and  re- 
quires more  skill  in  the  operator  than  can  be  expected  from 
ordinary  students  in  power  transmission  courses.  Quantitative 
values,  sufficiently  accurate  for  instructional  purposes,  may  be 
obtained  by  means  of  ordinary  portable  voltmeters  and  ammeters, 


/Reversing  Switch  '       ^VVW^AAr 

Fig.  6 — Wiring  Diagram  for  Impulse  Oscillograms  in  Figs.  6,  7,  8, 

9,  10,  11 

for  numerous  experiments,  as  may  be  seen  by  comparing  the 
calculated  and  the  observed  values  in  several  of  the  experiments 
described  in  this  paper.  The  instruments  used  were  Standard 
voltmeters,  ammeters,  speed  indicators,  and  a  three-element 
oscillograph. 

Great  care  must  be  exercised  in  keeping  the  frequency  con- 
stant throughout  each  test.     Slight  changes  in  frequency  will 
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cause  considerable  changes  in  the  voltmeter  and  ammeter 
readings. 

Typical  Experiments,  The  experimental  data  have  been 
selected  from  student's  laboratory  reports,  and  credit  is  due 
Mr.  R.  Rader  for  Figs.  6,  7  and  8;  Messrs.  G.  S.  Palmer  and 
D.  K.  Chaudhuri  for  Figs.  13  to  18  and  20  to  27;  and  Messrs. 
S.  R.  Burbank  and  F.  T.  Yamada  for  Figs.  9  to  11  and  28  to  37. 

The  circuit  connections  are  shown  in  Figs.  5,  12  and  19  for 
each  experiment.  The  oscillograms  and  the  drawn  curves  are 
in  a  large  measure  self-explanatory.  In  all  cases  the  size  of  wire 
was  equivalent  to  No.  4/0  hard-drawn  copper.  The  spacing  was 
either  96  in.  or  120  in.  (2.4  or  3  m.)  as  noted  below  each  figure. 
Experiments  with  other  spacings  and  for  other  sizes  of  wire  gave 
similar  results. 

The  experiments  selected  may  be  grouped  into  three  divisions: 

1.  Sudden  impulses  impressed  on  the  line. 

2.  Voltage  and  current  readings  along  the  line.  Constant 
voltage  at  the  generator  end  and  constant  frequency. 

3.  Resonance. 

Group  1 

A  direct-current  generator  was  connected  to  the  primary  of 
a  transformer  and  the  line  to  the  secondary.  Between  the  gener- 
ator and  the  transformer  was  a  drop  switch,  Fig.  5.  Upon 
closing  the  switch  a  sudden  impulse  was  impressed  on  the  line 
from  the  secondary  winding  of  the  transformer. 

For  Figs.  6,  7  and  8  the  line  constants  were  i?  =  51.7  ohms, 
L  =  0.427  henry,  C  =  2.92  microfarads.  The  original  voltage 
and  current  impulses  with  the  reflections  are  shown  for  receiver 
end  open  in  Fig.  6  and  short-circuited  in  Fig.  7.  No  reflections 
appear  in  Fig.  8  when  the  receiver  has  a  resistance  equal  to 


\/L 


ohms. 

C 

Calculating  the  length  of  the  line  from  the  line  constants  it 
should  be  equivalent  to  208  miles  (334.7  km.).  Measuring  the 
time  taken  for  the  impulse  to  be  reflected  from  the  receiver 
end  as  in  Fig.  7,  and  assuming  a  velocity  of  3  X  10^^  cm.  per 
second,  the  equivalent  length  of  line  was  214  miles  (334.4  km.). 
A  number  of  trials  gave  a  similar  discrepancy  of  approximately 
3  per  cent.  In  the  fall  of  1916  the  condensers,  a  cheap  grade, 
^^e  replaced  by  Type  21-AA  condensers,      Measurements  on 
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PLATE   LIX. 

A.  I.  E.  E. 

VOL.    XXXV,     1916 


*!<• 

Ttmt 

'  [magnusson  and  ourbank] 

Fig.  6 — Receiver  End  Open 

Spacing  120  in.   -  Ep  -  98  v.  —  /j,  -  6.00  amp. 


Fig.  7- 


[ M  ACrN LfSSON  A SU    B tr B  R A M K  | 

-Receiver  End  Short  Circuited 


Spacing  120  in.  -  £j,  =  100  v.  -  /p  -  2.6  amp. 
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PLATE   LX. 

A.  I.  E.  E. 

VOL.    XXXV,     1916 


[magnusson  and  burbank] 

F.O.  8-RBCH.VBK    ENO  C.OSBO  THKOUGH  VfoHMS 

Spacing  =  120  in.  -  £p  -  104  v.  -  /p  -  2.3  amp. 


[macnusson  and  burbank] 

Fig.  9 — Receiver  End  Open 


Spacing  -  96  in.  -  Ej.  -  110  v.-  /„ 


19.8  amp. 
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A.  I.  E.  E. 
VOL.    XXXV,     1916 


[magnusson  and  burbank] 

Fig.  10 — Receiver  End  Short  Circuited 

Spacing  =  96  in.  -  Ejy  =  101   v.  -  /^  =  20.0  amp. 


[magnusson  and  burbank  J 


Fig.  11 — Receiver  End  Closed  Through  >Y/^Ohms 

Spacing  =  96  in.  -  Ej,  -  110  v.  -  /^    »    19.7   amp. 
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oscillograms  taken  after  the  new  type  of  condensers  were  on  the 
line,  as  in  Figs.  9  and  10,  checked  more  closely  with  the  length 
calculated  from  the  line  constants.  Thus  for  Figs.  9,  10  and  11 
the  line  was  adjusted  for  a  spacing  of  96  in.  (2.4  m.)  The  line 
constants  were  R  =  52.9  ohms;    L  =  0.412   henry;     C  =  3.03 


Induction  Coils 


im 


Condensers: 


Neutral  T^ 

Fig.  12 — Wiring  Diagram  for  Line  Characteristics,  Figs.  13,  14, 
15,  16,  17,  18 — AND  Resonance  Curves  Figs.  28  and  33 


microfarads.  From  the  line  constants  the  equivalent  length  of 
line  was  208.5  miles  (335.5  km.)  From  measurements  on  the 
oscillogram  in  Fig.  9  the  equivalent  length  was  206.5  miles 
(332.3  km.)  and  from  the  oscillogram  in  Fig.  10,  208  miles 
(334.7  km.)  A  slight  leakage  in  the  first  set  of  condensers  prob- 
ably caused  the  retardation  of  the  electromagnetic  wave.    After 
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0   20   40   60  80  100  120  140  160  180  200 
LENGTH  OF  UNE  IN  MILES 

Fig.  13 — Voltage  and  Current  Characteristics 


three  reflections  in  the  open  line,  (Figs.  6  and  9)  the  transformer 
and  the  line  oscillate  together  causing  an  oscillatory  transient 
of  lower  frequency. 

Group  2 
The  change  in  the  magnitude  of  the  voltage  and  current  along 
the  line  is  shown  in  Figs.  13  to  18,  inclusive,  for  the  line  open  and 
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for  frequencies  of  60,  100  and  120  cycles,  respectively,  in  Figs. 

13,  15  and  17,  and  similarly  for  the  line  loaded  so  as  to  have 
generator  and  receiver  voltages  each  equal  to  500  volts,  in  Figs. 

14,  16  and  18. 


520 
510 

500 
490 
480 
470 
460 
450 


LINE  LOADED  f-  60^ 
— ^«— Experimentml  Canres 
—•^-Calculated  Curves 


1.4 
1.2 

1.0 


It! 

J0.6| 


0.4 


0.2 


0   .  20     40     60      80     100    120    140    160    180    200 
LENGTH  OF  LINE  tN  MILES 

Fig.  14 — Voltage  and  Current  Characteristics 


Necessarily  the  shunting  of  the  voltmeter  across  the  line 
changed  the  conditions  in  each  case  and  caused  discrepancies 
in  the  curves  as  indicated  by  the  difference  between  the  drawn 
and  broken  lines.     Extreme  care  had  to  be  exercised  in  keeping 


0  ^20      40      60     80     100    120    140    160    180    200 
LENGTH  OF  LINE  IN  MILES 

Pig.  15 — Voltage  and  Current  Characteristics 


the  frequency  constant  for  each  set  of  readings.  A  slight  change 
in  frequency  will  cause  a  considerable  change  in  the  receiver 
voltage  with  the  line  open.  This  is  readily  seen  by  comparing 
the  receiver  voltages  for  60,  100  and  120  cycles  in  Figs.  13,  15 
and  17. 
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Group  3 
In  obtaining  the  data  on  resonance,  two  single-phase  alter- 
nators were  used.     Alternator  A   gave  a  voltage  wave  which 
appeared  to  be  simple  harmonic  but  on  analysis  was  found  to 


490 
480 


470 


LINE  LOADED     f-100>^ 
*»     Experimental  Curves 
—-•--Calculated  Curves 


0.4 
0.2 
0 


20  40   60  80  100  120  140  160  180  200 
LENGTH  OF  LINE  IN  MILES 

Fig.  16 — Voltage  and  Current  Characteristics 


have  a  small  third  harmonic,  about  one  per  cent,  of  the  funda- 
mental. The  shape  of  the  voltage  wave  of  alternator  B  is  shown 
in  Fig.  32,  consisting  of  a  fundamental  combined  with  a  28.2 
per  cent  third  harmonic  and  a  5.4  per  cent  fifth  harmonic.    The 


LINE  OPEN  f-120«. 
"*- Experimental  Curves 
-♦-Calculated  Curves 


1.6 
1.4 
1.2 
1.0 
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660 
^620 
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540 

500 

460 - _^ 

0.  20  40  60   80  100  120  140  160  180  200 
LENGTH  OF  LINE  IN  MILES 

Pig.  17 — Voltage  and  Current  Characteristics 

frequency  of  alternator  A  was  normally  137  cycles  and  for  5, 
60  cycles. 

At  first  it  was  assumed  that  alternator  A  gave  a  simple  sine 
wave.    The  first  indications  that  the  assumption  wa^^jj^Ji^i^oQlc 
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were  difficulties  in  securing  consistent  readings  at  all  frequencies, 
particulariy  between  70  and  75  cycles.  With  the  generator 
voltage  of  1000  volts  and  the  frequency  about  72  cycles,  the  con- 
densers in  unit  No.  20,  at  the  receiver  end,  were  punctured. 
Upon  investigation  it  was  found  that  the  third  harmonic  caused 
resonance  in  the  line  and  that  the  receiver  voltage  was  greatly 
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>  500 
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LINE  LOADED  t^lTf^^ 
— •»—  Experimental  Carves 
•-'^-  Calculated..Curve8  _ 
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0   20   40   60   80  100  120  140  160  180  200 
LENGTH  OF  LINE  IN  MILES 

Fig.  18 — Voltage  and  Current  Characteristics 

in  excess  of  what  would  be  produced  by  the  fundamental.  To 
prevent  a  similar  accident  spark-gaps  were  placed  in  each  unit 
as  shown  in  Figs.  2  and  3. 

To  secure  accurate  readings  on  resonance  values,  an  a-c. 
potentiometer  is  necessary,  but  the  effect  may  be  observed  on 
ordinary  oscillograms  and  to  some  extent  measured  by  portable 
voltmeters. 


% 


■^&' 


^ .lnduct[on  Coils 


a  BCondenserS' 


Pig. 


Neutral 

19— Wiring  Diagram  for  Oscillograms  in  Figs.  21,  22,  23,   24, 
25,  26.  27,  29.  30,  31,  34,  36.  36,  37 


In  Figs.  20  to  24,  inclusive,  are  shown  the  oscillograms  of  the 
generator  and  receiver  voltages  and  the  charging  current  for 
60,  66,  72,  100  and  120  cycles  using  alternator  A .  The  generator 
voltage  is  nearly  a  sine  wave  in  all  cases.  The  receiver  voltage 
and  the  charging  current  show  a  third  harmonic  in  Fig.  20; 
ao  mcreased  distortion  in  Fig.  21  and  a  maximum  third  banuomc 
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PLATE   LX1I. 

A.  I    E.  E. 

VOL.    XXXV,     1916 


[magnusson  and  burbank] 
Fig.  20 — Receiver  End  Open 

Spacing  -  120  in.  -  /-60 L  -  0.427  h.  —  C  =  2.96  mf.  -  Eg  -500  v.  -  fir  •*  558  ▼ 

-  /  -  0.63  amp. 


[magnusson  and  burbank] 

Fig.  21 — Receiver  End  Open 

Spacing  -  120  in.  -  /  =  66  -^  -  L  -  0.427h.  -  C  -  2.96  mf .  -  £^  =  500  v. 
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PLATE  LXIII. 

A.  I.  E.  E. 

VOL.    XXXV,     1916 


[magnusson  and  burbank] 
Fig.  22 — Receiver  End  Open 

Spacing  =  120  in.  -  /  -  72 L  -  0.427h.  -  C  -  2.96  mf.  -  E^  -  500  v. 


[magnusson  and  burbank] 
Fig.  23 — Receiver  End  Open 

Spacing    120   in.  -  /  =  100 L  =  0.427   h.  -  C  -  2.96  mf.  -  fi^  -  500   v.  -  E^ 

655  V.  -  /   =1.06  amp. 
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PLATE   LXIV. 

A.  I.  E.  E. 

VOL.    XXXV,     1916 


[magnusson  and  burbank] 
Fig.  24 — Receiver  End  Open 

Spacing   120  in.  -  /  -  120 C  -  2.96  mf.  -  L  -  0.427   h.  -  £^  -  600  v.  -  £r 

716  V.  -  /  =  1.34  amp. 


/r  —  0.66  amp. 


[magnusson  and  burbank] 

Fig.  25 — Receiver  End  Loaded 

Spacing  120  in.  -  /  =60 C  =  2.96  mf .  -  L  -  0.427  h.-£^  -  600  v. 

-  £r  =  500  V.  —  /  =  0.75  amp. 
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PLATE  LXV. 

A.  I.  E.  E. 

VOL.    XXXV,     1916 


[magnusson  and  bur  bank] 
Pig.  26 — Receiver  End  Loaded 

ir  -  0.92  amp.  -  Spacing   120  in.  -/  -  100 C  -  2.96  mf.  -  L  -  0.427  h. 

Ej^  -  500  V.  —  £r  -  500  V.  -  /  -  1.12  amp. 


[magnusson  and  burbank] 
Fig.  27 — Receiver  End  Loaded 

Spacing  120  in.  -  /  =  120 If  =1.01  amp.  -  L  -  0.427  h.  -  C  -  2.96  ii)f. 

£q  -  500  V.  -  fir  -  500  v.  -  /  -  1.21  amp. 
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PLATE  LXVI. 

A.  I,  E.  E. 

VOL.    XXXV,     1916 


Spacing  —  96  in.  —  / 


[magnusson  and  burbank) 
Fig.  29 — Receiver  End  Open 

,60 C  -  303  mf.  -  L  =  0.412  h.  -  £^  -  500  v.  -  £r  -  570  v. 

-  /   -  0.70  amp. 


Spacing  «  06   in. 


[magnusson  and  bukbank] 

Fig.  30 — Receiver  End  Open 

.  /  =  74 C  -  3.03  mf.  -  L  -  04.12  h.  -  £^  -  600  v.  - 

£r  =690  V.  -  /  =  1.35  amp. 


Digitized  by  LjOOQ IC 


PLATE  LXVII. 

A.  I.  E.  E. 

VOL.    XXXV,     1916 


SBSaBBB 


[magnusson  and  burbakk] 
Fig.  31 — Receiver  End  Open 

Spacing  96  in.  -  /  =  120 C  -  3.03  mf.  -  L  -  0.412  h.  -  £^  -  500  ▼.  -  £r  -  750  v. 

-  /  -  1.49  amp. 


(magnusson  and  burbank] 
Fig.  34 — Receiver  End  Open 

Spacing  -  96   in.  -  /  -  25 L  =  0.412   h.  -  C  =  3.03  mf.  -  Eg  ^  2.50   v.  - 

Er  «  260  V.  -  /  =  0.20  amp. 
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PLATE  LXVIIi. 

A.  I.  E.  E. 

VOL.    XXXV,     1916 


Spacing  96  in.  -  / 


[viAGNUSSON  AND  BURBANK] 

Fig.  35 — Receiver  End  Open 

'  43.5 C  =  3.03  mi.  -  L  =  0.412  h.  -  Eg  -  250  v.  -  E^  - 

420  V.  -  /   -  1.00  amp. 


(.maonlsson  and  burbank] 

Fig.  36 — Receiver  End  Open 

Spacing  96  in.  -  /  -=  50 C  -  3.03  mf.  -  L  =  0.412  h.  -  E^  -  250  v.  -  £r  -  325  v. 

/   =  0.55  amp. 
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PLATE   LXIX 

A.  I.  E.  E. 

VOL.    XXXV,      1916 


[magnusson  and  burbank) 
Fig.  37 — Receiver  End  Open 

Spacing  96  in.  -  /  -  72.6 L  -  0.412  h.  -  C  -  3.03  mf.  -  JS^  «  250  v.  -  £r  —  860  ▼. 

—  /  ■»  2.5  amp. 
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in  Fig.  22,  or  at  72  cycles.  The  distortion  is  smaller  at  100  cycles, 
Fig.  23,  and  practically  disappears  at  120  cycles.  Fig.  24.  The 
line  constants  give  a  resonance  frequency  of  222.2  cycles  and 
hence  for  the  third  harmonic  in  resonance  the  fundamental  fre- 

222  2 

quency  would  be  — ^  =  74  cycles. 

Similar  oscillograms  for  a  spacing  of  96  in.  (2.4  m.)  and  for 
frequencies  of  60,  74  and  120  cycles  are  shown  in  Figs.  29,  30 
and  31.    The  third  harmonic  is  at  a  maximum  for  74  cycles. 

The  dampening  influence  of  the  load  on  the  receiver  end  is 
shown  by  comparing  the  voltage  and  current  waves  in  Figs.  25, 
26  and  27  with  the  wave  shapes  for  the  corresponding  frequencies 
in  Figs.  20,  23  and  24. 

5 

4 

< 
1 

. ^ lo 

60   65   70   75   BO  85   90   95  100  105  110  115  120 
FREQUENCY  IN  CYCLES  PER  SECONDS 

Fig.  28 — Resonance  Curves   with   Machine   Giving   nearly  Sine 
Wave  as  Source  (about  1  per  cent  Third  Harmonic) 
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A  much  greater  distortion  is  produced  when  using  alternator  B, 
The  influence  of  the  frequency  for  resonance  conditions  of  both 
the  third  and  fifth  harmonics  are  shown  in  Figs,  34,35, 36  and  37. 

For  25  cycles.  Fig.  34,  the  receiver  voltage  is  practically  of 
the  same  shape  as  the  impressed  voltage  wave  at  the  generator 
end.  For  43.5  cycles  the  fifth  harmonic  produces  resonance 
and  causes  a  marked  distortion  of  the  receiver  voltage.  At  72.5 
cycles.  Fig.  37,  the  third  harmonic  is  near  resonance  and  the 
receiver  voltage  consists  chiefly  of  the  third  harmonic.  At  50 
cycles,  Fig.  36,  the  distortion  of  the  receiver  voltage  is  less  than 
for  either  43.5  or  72.  5  cycles. 

Not  only  the  wave  shape  but  also  the  magnitude  of  the  re- 
reiver  voltage  is  aff^ected  by  the  resonance  of  the  harmonics  in 
the  impressed  voltage  wave.     In  Fig.  28  is  shown  the  receiver 
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From  oscillogram 


Fundamental  100% 


3rd  harmonic  28.29^ 


voltage  and  charging  current  plotted  as  ordinates  with  the  fre- 
quency of  the  impressed  voltage  from  alternator  A  as  abscissas. 
The  voltage  at  the  generator  end 
of  the  line  was  held  constant  at  500 
volts.  The  himip  in  the  curve  be- 
tween 70  and  80  cycles  is  due  to 
resonance  produced  by  the  third 
harmonic. 

In  Fig.  33,  similar  voltage  and 
charging  current  curves  are  drawn 
for  alternator  B.  The  humps  in  sth  harmonic  5.4%  ' 
the  curves  are  produced  by  reso- 
nance in  the  line  by  the  fifth  and 
third  harmonic. 

The  maximum  point  for  the 
fifth  harmonic  comes  at  43.5  cycles 
and  for  the  third  harmonic  at  72.5 
cycles.  The  great  increase  of  the 
receiver  voltage  for  resonance  in  the  third  harmonic  should  be 
noted ;    while  at  85  cycles  the  measured  receiver  voltage  drops 


Pig.  32 — Analyzed  Wave  of 
Peaked  Wave  Alternator 


25     30      35     40     45      50      55      60      65      70      75      80     85 
FREQUENCY  IN  CYCLES  PER  SECONDS 

Pig.  33 — Resonance  Curves  with  Machine  Giving  Peak  Wave,  as 
Source — (5.4  per  cent  Pifth  and  28.2  per  cent  Third  Harmonic) 


to  a  comparatively  low  value,  although  considerably  in  excess 
of  what  would  be  produced  by  a  simple  sine  wave. 
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Discussion  on  "An  Artificial  Transmission  Line  with 
Adjustable  Line  Constants**  (Magnusson  and  Bur- 
bank),  Seattle,  Wash.,  September  6,  1916. 
L.  J.  Corbett:  In  connection  with  these  artificial  transmission 
lines,  I  presume  that  those  of  you  who  are  familiar  with  the  sub- 
ject, recognize  the  two  forms  which  have  been  in  use  for  the  last 
few  years,  the  ^^distributed"  type  and  the  "lumpy**  type.  The 
more  expensive  is  the  distributed  type,  which  is  actually  designed 
to  correspond  to  a  certain  line.  One  of  these,  the  first  I  believe, 
is  the  one  at  Schenectady.  The  wire  is  wound  on  glass  cylinders 
with  tinfoil  on  the  inside  surface.  The  cylinders  are  4^  feet 
long  (1.36  m.)  and  6  inches  (15  cm.)  in  diameter,  and  the  length 
of  line  that  each  represents,  is  about  one  half  mile.  It  would  take 
a  large  room  to  hold  a  representation  of  a  transmission  line  of 
even  moderate  size  compared  to  some  of  our  western  lines. 
Another  of  this  type  was  recently  brought  out  at  the  University 
of  California.  You  may  be  familiar  with  it.  The  cylinder  was 
made  of  wood  and  the  tinfoil  was  laid  upon  it;  then  followed  a 
layer  of  insulation,  then  a  layer  of  wire.  The  capacity  was  greater 
than  in  the  Schenectady  pattern,  so  smaller  wire  could  be  used, 
and  the  units  were  made  to  correspond  to  about  ten  miles  of  line. 
At  the  University  of  Idaho,  we  attempted  approximately  the 
same  thing,  using  built  up  paper  instead  of  wood  cylinders.  We 
modeled  our  line  after  one  of  the  lines  of  the  Washington  Water 
Power  Company,  and  constructed  a  unit  which  was  to  represent 
ten  miles  of  line,  but  during  that  investigation,  we  found  it 
rather  unsatisfactory,  because  it  was  difficult  to  get  the  con- 
stants to  correspond  to  the  calculations.  The  variations  in  the 
wire  might  make  our  resistance  vary  a  little,  but  we  could  adjust 
th^t  by  moving  our  contacts  farther  along  the  wire  to  get  the 
proper  value.  The  inductance  also  would  vary  slightly,  but  the 
greatest  difficulty  we  had  was  in  the  capacity.  With  such  a  unit 
it  was  necessary  to  cut  the  tinfoil  a  great  deal  to  avoid  induced 
currents  and  have  it  with  its  sections  not  continuous  around  the 
cylinder.  Even  then  the  effect  of  eddy  currents  was  so  noticeable 
that  the  line  would  have  a  different  capacity  at  one  frequency 
from  what  it  would  have  at  another.  So,  it  was  practically 
impossible  to  get  a  really  clear-cut  set  of  constants  on  such  a  line. 
Another  disadvantage  of  the  distributed  type  is  that  after  you 
once  build  your  line,  your  constants  are  fixed.  There  is  a  great 
advantage  possessed  by  this  lumpy  line  described  in  the  paper. 
While  some  do  not  approve  of  this  type  in  general,  because  of  the 
fact  that  it  does  not  actually  and  accurately  represent  the  trans- 
mission line,  this  one  is  adjustable  so  that  it  can  be  made  to 
represent  lines  of  various  spacing,  and  by  taking  measiu-ements 
between  the  units,  a  very  true  picture  is  obtained  of  conditions 
on  the  line  at  points  ten  miles  apart.  I  would  like  to  ask  Prof. 
Magnusson  how  he  maintains  the  frequency  constant,  or  what 
instruments  he  uses  to  show  the  frequency  if  he  does  not  use  the 
vibrating  reed. 
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W.  D.  Peaslee:  I  would  like  to  ask  Prof.  Magnusson  about 
this:  Is  it  possible  to  pass  enough  current  through  the  line — 
that  is,  load  the  line  sufficiently — ^to  use  an  ordinary  laboratory 
synchronous  generator  as  a  synchronous  condenser,  and  illustrate 
to  the  class  the  use  of  the  synchronous  condenser  in  maintaining 
the  voltage  drop  constant  under  varying  conditions  of  load.  If 
it  could  be  made  of  sufficient  capacity  to  do  that,  without  undue 
heating,  that  would  be  a  very  valuable  addition  to  its  use.  The 
greatest  value  of  a  line  of  this  kind  is  the  ability  with  which  you 
can  reproduce  a  given  line. 

J.  D.  Ross:  Dr.  Magnusson's  paper  suggests  an  idea  that  is 
applicable  to  the  larger  central  stations.  The  university  faculties 
have  been  reaching  out  in  the  last  few  years  to  become  more  and 
more  practical.  AH  of  us  have  observed  that  they  have  had 
considerable  success  in  doing  so,  and  I  often  wonder  if  the  large 
central  stations  are  reaching  out  on  the  technical  end  to  the  same 
extent.  I  do  not  believe  they  are.  I  think  our  testing  work 
is  often  poorly  arranged  and  under  too  many  departments.  We 
have,  for  instance,  the  testing  of  our  distribution  transformers 
under  one  man,  our  testing  of  inside  construction  under  another. 
Hydraulic  testing  done  by  one  man,  and  electrolysis  by  another, 
and  the  testing  of  meters,  of  course  by  a  meter  man.  Probably 
the  testing  of  meters  properly  belongs  in  the  meter  department. 
A  properly  constructed  laboratory,  constructed  along  the  lines 
of  all  general  testing  as  well  as  for  special  work,  like  this  paper 
brings  out,  would  be  the  proper  way  for  a  large  central  station 
to  arrange  this  work.  We  have  been  promising  ourselves  an 
oscillograph  for  some  time,  and  I  think  there  will  be  a  demand  in 
our  concern  for  an  artificial  transmission  line  such  as  Dr.  Mag- 
nusson describes,  especially  at  the  small  cost,  comparatively, 
that  he  estimates.  The  way  the  most  of  us  do  now,  instead  of 
going  at  the  cause  of  the  trouble,  and  removing  that,  is  to  try  to 
find  a  partial  cure.  When  a  surge  comes,  on  our  lines  or  we 
repeatedly  have  trouble,  we  attempt  to  put  on  some  apparatus 
that  may  cure  them  rather  than  find  their  cause  and  take  them 
away  altogether.  The  method  we  have  been  following,  for  in- 
stance, with  the  trouble  we  have  had  with  surges  in  our  high- 
tension  work  is  really  a  cut  and  try  method. 

I  believe  that  a  well  equipped  testing  laboratory  with  the 
testing  of  a  large  concern  all  put  under  it,  would  yield  better 
economy  in  the  end  than  our  present  system.  Of  course,  it  would 
all  come  back  to  the  question  how  technical  and  practical  the 
man  In  charge  would  be.  He  would  have  to  be  a  very  good  man 
to  get  good  results,  but  there  are  such  men,  and  I  think  most  large 
concerns  have  three  or  four  of  them  that  they  can  pick  from  for 
that  particular  work.  Apparatus  of  the  sort  mentioned  here 
would  be  of  considerable  value  in  connection  with  our  troubles  if 
it  was  in  the  hands  of  a  competent  man.  An  example,  which,  is 
of  course,  on  a  larger  scale  than  any  of  us  can  reach,  is  the 
laboratory  of  the  General  Electric  Company.    Those  of  you  who 
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have  read  the  papers  from  the  General  Electric  Review  lately 
can  see  the  remarkable  work  they  have  done.  The  work  should 
not  all  be  left  to  the  universities.  While  they  are  reaching  out 
to  be  practical,  every  large  plant  should  reach  out  to  be  technical 
at  the  same  time. 

S.  R.  Burbank:  I  want  to  speak  strictly  from  the  student's 
standpoint.  This  work  was  exceedingly  interesting  to  me,  and 
I  know  that  it  was  to  other  students.  The  way  in  which 
the  work  checked  with  the  theory  was  of  great  interest.  One 
point  of  particular  interest  was  the  shape  of  the  curve,  in  Fig. 
33,  referred  to  by  Dr.  Magnusson.  When  the  frequency  at  which 
the  first  hump  occurred  is  multiplied  by  five,  and  that  of  the 
second  hump  by  three,  the  same  frequency  is  obtained,  and 
checks  the  theoretical  surge  frequency  calculated  from  the  line 
constants.  We  would  like  to  have  obtained  the  hump  for  the 
fundamental,  but  the  machine  would  not  stand  the  necessary 
speed. 

C.  A.  Whipple:  I  believe  there  is  a  use  for  these  artificial  power 
lines  outside  of  the  universities.  I  believe  that  in  practise,  we 
can  find  them  of  great  usefulness.  On  several  occasions  I  have 
found  it  somewhat  difficult  to  persuade  a  board  of  directors  or  a 
city  council  that  certain  things  were  necessary  for  the  proper 
operation  of  their  system.  By  having  such  equipment  as 
described  here  available,  they  could,  possibly,  by  their  own 
observations,  have  been  convinced  that  such  was  the  fact.  I 
have  an  instance  in  mind,  where  a  certain  body  of  men  had  called 
me  in  to  report  to  them  upon  the  feasibility  of  purchasing  a 
certain  piece  of  equipment  to  correct  and  economize  their  existing 
power  system.  I  told  them  they  were  wasting  their  money 
absolutely,  but  the  salesman  from  the  manufacturing  company 
gave  a  very  brilliant  talk,  and  they  finally  purchased  that  ma- 
chine. I  visited  the  place  three  months  after  it  was  installed, 
and  it  was  standing  there  idle,  absolutely  useless.  They  could 
have  bought  a  dozen  of  the  models  described  here  for  the  money 
they  wasted  in  that  one  mistake.  I  believe  that  frequently, 
capitalists  and  those  handling  the  financial  end  of  the  transac- 
tions, who  will  not  look  to  the  engineer  for  advice,  can  be  per- 
suaded by  such  a  means  as  this. 

C.  E.  Magnusson:  Answering  the  question  asked  by  Mr. 
Corbett,  I  will  state  that  we  used  a  standard  electric  frequency 
meter,  which  consists  of  a  magneto  or  constant  magnet  generator 
connected  to  a  millivolt-meter.  The  vibrating  reed  has  alto- 
gether too  large  a  variation  between  the  successive  indicating  . 
reeds. 

In  reply  to  Mr.  Peaslee,  you  may  note  from  the  curves  in  the 
paper  that  the  current  was  about  one  ampere  or  1.5  amperes  in 
some  cases.  I  do  not  recall  that  the  coils  showed  any  appre- 
ciable rise  in  temperature.  The  coils  are  made  of  No.  14  wire, 
and  are  not  very  thick.  I  think  they  cool  at  least  as  readily  as 
the  fields  of  an  ordinary  motor,  and  a  higher  voltage  could  readily 
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be  used.  In  fact,  the  only  reason  for  using  only  500  volts  was 
that  this  was  sufficient  for  the  purpose  of  this  test.  The  con- 
densers were  rated  at  1000  volts  each  and  a  much  higher  voltage 
could  be  used.  As  you  will  notice,  we  have  a  spark  gap  on  each 
unit.  This  was  found  necessary  in  order  to  protect  the  con- 
densers during  resonance  conditions. 
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CHARACTERISTICS   OF  ADMITTANCE  TYPE   OF 
WAVE-FORM   STANDARD 


BY    FREDERICK    BEDELL 


Abstract  of  Paper 

It  is  generally  agreed  that  a  sine  wave  of  electromotive  force 
at  generator  terminals  and  on  transmission  lines  is  best.  A  sine 
wave  is  now  specified  as  standard  by  the  Standardization  Rules 
of  the  Institute,  but  the  present  methods  for  prescribing  allowable 
limits  and  for  determining  how  near  an  actual  wave  is  to  a  true 
sine  wave  are  very  unsatisfactory.  The  Standards  Committee, 
through  a  sub-committee,  is  studying  the  subject  in  order  to 
ascertain  whether  a  standard  can  be  specified  that  will  be  more 
suitable  in  its  characteristics  and  more  practical  in  its  applica- 
tion. As  a  contribution  to  this  study,  the  characteristics  of  a 
certain  type  of  standard  are  here  set  forth. 

It  is  hoped  that  various  points  of  view  and  much  information 
may  be  brought  out  in  discussion,  which  may  be  on  the  general 
subject  and  not  limited  to  the  particular  phase  discussed  in  the 
paper. 


Introduction 

ALTHOUGH  in  certain  respects  a  departure  from  a  sine  wave 
of  electromotive  force  at  generator  terminals  or  on  a 
transmission  line  may  not  be  objectionable,  it  has  been  found 
that  in  most  respects  such  a  departure  is  objectionable  to  a  very- 
high  degree;  the  sine  wave  is,  therefore,  the  generally  recognized 
standard  or  ideal  that  all  desire  to  see  approached  more  and 
more  closely  as  the  art  of  electrical  engineering  progresses. 
The  troubles  that  are  caused  by  a  departure  from  a  sine  wave 
depend  to  a  considerable  extent  upon  the  frequency  of  the  har- 
monic or  harmonics  which  are  present  in  the  wave  in  addition 
to  the  pure  sine  wave  of  fundamental  frequency.  For  example, 
harmonics  of  a  certain  more-or-less  low  range  oif  frequencies 
cause  trouble  in  the  parallel  operation  of  machinery,  while 
harmonics  of  a  somewhat  higher  range  cause  trouble  by  inductive 
interference  with  neighboring  telephone  circuits.  In  penalizing 
therefore,  a  departure  from  a  sine  wave,  it  becomes  necessary 
either  to  penalize  all  harmonics  equally,  or  to  endeavor  to  make 
the  penalty  fit  the  crime  and  to  prescribe  different  penalties  to 
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the  various  harmonics,  which  are  present  in  addition  to  the  fund- 
amental, according  to  their  frequencies. 

The  present  Standardization  Rules  of  the  Institute,  after 
stating  that  the  sine  wave  shall  be  considered  standard,  specify 
the  manner  (Rule  406)  by  which  the  so  called  "deviation"  from 
a  sine  wave  shall  be  measured.  This  measure  of  deviation  has 
been  found  generally  unsatisfactory,  not  only  because  it  involves 
expensive  special  apparatus  (commonly  an  oscillograph)  and  the 
services  of  a  man  expert  in  such  work,  but  also  because  even  in 
the  hands  of  an  expert  the  numerical  results  are  not  directly 
obtainable,  being  found  only,  af ter  a  kind  of  cut-and-try  or  jug- 
gling process. 

On  account  of  these  objections  to  "deviation"  as  a  practical 
measure  of  wave  distortion,  there  was  introduced  Rule  17*, 
which  defines  distortion  factor  without  specifying  the  numerical 
value  that  will  be  allowed.  It  was  doubtless  felt  that  experience 
was  needed  before  specifying  such  a  numerical  value;  but  ex- 
perience has  shown  objections  to  a  distortion  factor  as  defined 
in  Rule  17,  as  will  be  pointed  out  later.  Meanwhile  the  object- 
tionable  "deviation"  rule,  which  all  hope  may  soon  be  super- 
seded, still  persists. 

The  question  of  a  standard  for  wave  shape  has  been  discussed! 
before  the  Institute  on  several  occasions,  and  during  the  past 
year  has  been  the  subject  of  study  of  a  sub-committeej  of  the 
Standards  Committee.  This  paper  describes  certain  work  done 
in  connection  with  the  work  of  this  sub-committee.  It  is  not 
intended  to  be  complete,  nor  to  present  conclusions,  nor  to 
commit  the  members  of  the  committee  in  any  way.  Its  object 
is  to  bring  the  matter  to  the  attention  of  those  interested,  with 
a  view  to  obtaining,  through  discussion  or  correspondence, 
different  points  of  view  and,  so  far  as  possible,  to  ascertain  all 
the  facts  bearing  on  the  matter.     It  is  felt  that  to  attempt  to 

*Rule  17.  The  Distortion  Factor  of  a  Wave.  The  ratio  of  the  r.m.s. 
value  of  the  first  derivative  of  the  wave  with  respect  to  time,  to  the  r.m.s. 
value  of  the  first  derivative  of  the  equivalent  sine  wave. 

tA  Proposed  Wave  Shape  Standard,  by  C.  M.  Davis,  Trans.  A.  I.  E.  E., 
p.  775,  Vol.  XXXII,  1913;  discussion,  pp.  831-845.  Three  papers  on 
Irregular  Wave  Forms,  by  F.  Bedell  and  others,  presented  at  Deer  Park, 
1915,  Trans,  A.  I.  E.  E..  Vol.  XXXIV,  p.  1135. 

X  Messrs.  L.  W.  Chubb,  F.  M.  Farmer,  H.  S.  Osborne,  L.  T.  Robinson 
and  F.  Bedell,  Chairman.  Aid  in  the  preparation  of  this  paper,  and  in 
experiments  not  here  reported,  has  been  obtained  from  Messrs.  A.  Bailey, 
R.  Bown,  G.  E.  Grantham,  W.  G.  Mallory  and  P.  T.  Weeks. 
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Standardize  wave  form  with  our  present  knowledge  would  be 
premature.  There  are  so  many  sides  to  the  question,  and  the 
interests  involved  are  so  diverse,  that  it  is  only  through  wide 
spread  interest  and  discussion  that  all  the  facts  and  all  the 
aspects  of  the  case  can  be  brought  out.  The  scope  of  this  paper 
is  limited  to  the  characteristics  of  a.  certain  type  of  standard  but 
the  discussion  may  be  more  general. 

Admittance  Standards 

Of  the  various  factors  that  have  been  discussed  before  the 
Institute  for  defining  the  distortion  of  an  alternating  wave,  the 
differential  distortion  factor,  (which  is  the  distortion  factor  of 
Rule  17,  as  given  above)  meets  the  requirements  of  a  commercial 
standard  perhaps  better  than  any  other. 

For  practical  purposes  this  factor  can  be  defined  in  terms  of 
the  admittance  of  a  condenser  as  follows: 

{Condenser  Admittance  Standard.)  The  distortion  factor  of  an  e.m.f. 
wave  is  the  ratio  of  the  admittance  of  a  condenser  supplied  with  that  wave 
at  its  terminals  to  the  admittance  of  the  same  condenser  when  supplied 
at  its  terminals  with  a  sine  e.m.f.  of  the  fundamental  frequency. 

The  objections  to  the  condenser  standard  are  three-fold: 
First,  the  wave  form  of  the  alternator  under  test  may  in  some 
cases  become  distorted  by  the  condenser  used  in  making  the 
test  on  account  of  resonance  between  the  condenser  and  the 
inductance  of  the  armature.  (This  resonance  would  be  for  some 
particular  harmonic  component  of  the  alternator  wave  and  this 
component  would  be  unduly  magnified  so  as  to  distort  the 
e.m.f.  form.)  Second,  the  penalizing  of  lower  harmonics  is  too 
little  and  of  higher  harmonics  is  too  great.  Third,  for  accuracy 
the  condenser  circuit  must  contain  capacity  only;  hence  any 
resistance  or  inductance  of  the  ammeter  used  to  measure  con- 
denser current  introduces  error. 

These  objections,  however,  can  all  be  eliminated,  if  certain 
modifications  are  made  in  the  definition  of  the  standard  and  in 
the  method  of  test;  in  this  way  a  more  practical  and  a  more 
desirable  working  standard  can  be  obtained.  There  are  several 
ways  in  which  these  modifications  can  be  made,  leading  to  several 
possible  wave  form  standards  that  will  now  be  discussed. 

As  is  well  known  the  admittance  of  any  circuit,  or  combination 
of  circuits,  containing  inductance  or  capacity  varies  with  the 
wave  form  of  impressed  voltage  and  with  the  fundamental  fre- 
quency, so  that,  for  a  given  fundamental  frequency,  the  ad- 
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mittance  of  a  specified  circuit  is  an  indication  of  the  wave  form 
of  voltage  impressed  at  its  terminals  and  may  be  taken  as  a 
measure  of  wave  distortion. 

A  general  definition  of  distortion  factor,  in  terms  of  the  ad- 
mittance of  some  standard  circuit,  is,  accordingly,  as  follows: 

{General  Admittance  Standard.)  The  distortion  factor  of  an  e.m.f. 
wave  is  the  ratio  of  the  admittance  of  a  specified  standard  circuit  supplied 
with  that  wave  at  its  terminals  to  the  admittance  of  the  same  circuit 
when  supplied  at  its  terminals  with  a  sine  e.m.f.  of  the  fundamental 
frequency. 

Special  cases  arise  according  to  the  standard  circuit  specified. 
A  condenser  standard  (giving  the  differential  distortion  factor,  8) 
and  an  inductance  standard  (giving  the  integral*  distortion 
factor,  (t)  are  seen  to  be  special  cases. 

Any  one  of  a  limitless  number  of  possible  circuits  might  be 
specified  as  a  standard,  and  each  would  give  a  distortion  factor 
with  certain  characteristics  of  its  own,  as  in  the  particular  cases 
of  b  and  (T. 

Circuits  that  might  be  taken  as  standard  can  be  classified 
under  two  heads: 

I.  Simple  Standard  Circuit,  in  which  resistance,  inductance 
and  capacity  (or  any  one  or  two  of  them)  are  arranged  in  series 
and  are  given  specified  relations  or  values. 

II.  Composite  Standard  Circuit ,  in  which  the  component 
parts  are  arranged  in  other  than  simple  series  arrangement. 

A  simple  standard  has  the  obvious  advantages  of  simplicity; 
it  is  possible  for  the  testing  engineer  to  check  up  the  standard  or 
to  duplicate  it  with  apparatus  commonly  available.  The  sig- 
nificance of  the  standard  and  the  results  obtained  can  be  readily 
grasped  and  the  standard  has,  to  a  certain  extent  at  least,  a 
rational  rather  than  an  arbitrary  basis.  A  composite  standard, 
on  the  other  hand,  has  the  advantage  that  it  offers  a  greater 
range  of  possibilities  in  the  weighting  of  harmonics  of  different 
frequencies. 

A  simple  standard  itself  offers  great  range  in  the  weighting  of 
harmonics,  as  will  be  brought  out  later,  but,  if  no  one  of  these 
possible  weightings  comes  sufficiently  near  to  the  requirements 
of  the  case,  it  may  be  preferable  to  abandon  the  advantages  of 
simplicity  and  to  adopt  a  composite  standard,  provided  that  one 
is  found  that  is  so  distinctly  superior  in  its  weighting  as  to  make 
its  adoption  worth  while. 

*See  Deer  Park  papers,  loc,  cit. 
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A  standard  circuit  consisting  of  resistance  only  would  be  im- 
possible, for  the  admittance  of  such  a  circuit  does  not  vary  with 
wave  form.  A  standard  consisting  of  an  inductance  only  would 
be  impracticable  (even  were  it  desirable),  for  the  admittance  on 
any  commercial  wave  would  differ  so  little*  from  the  admittance 
on  a  sine  wave  that  the  difference  could  scarcely  be  determined. 
For  the  same  reason,  a  circuit  consisting  of  R  and  L,  combined, 
would  be  impracticable.  Furthermore,  a  circuit  consisting  of 
L  and  C  with  no  resistance  (were  this  possible)  would  be  unsuit- 
able as  a  standard,  for  it  would  prohibit  absolutely  the  existence 
in  an  alternator  of  an  harmonic  of  a  particular  frequency;  for 
acceptance  of  an  alternator,  the  allowable  value  for  the  harmonic 
of  the  frequency  at  which  L  and  C  were  in  resonance  would  be 
zero,  as  seen  later  in  connection  with  the  curve  marked  ''R  =  0" 
in  Fig.  2. 

This  leaves  as  possible  the  condenser  standard,  the  R  C 
standard  (which  is  the  condenser  standard  with  some  resistance 
added  in  series)  and  the  RL  C  standard  (which  is  the  condenser 
standard  with  some  resistance  and  inductance  added  in  series). 
In  all  these  cases  the  condenser  is  the  predominant  element, 
that  is  there  would  be  but  a  small  difference  between  condenser 
voltage  and  line  voltage. 

The  condenser  standard,  without  resistance,  gives  a  chance  for 
error  in  measurement  (due  to  resonance  between  the  condenser 
and  armature  inductance)  as  already  pointed  out.  This  error, 
however,  may  be  reduced  and  practically  eliminated  by  the 
introduction  of  resistance.  We  have,  then,  to  choose  between 
the  R  C  standard  and  the  RLC  standard,  and  the  choice  between 
these  two  should  be  made  after  comparing  the  characteristics 
of  each.  It  is  to  be  noted  that  the  presence  of  R  and  of  C  is 
essential ;  whereas  the  inductancef  is  not  necessary,  being  added 
or  not  according  to  the  characteristics  that  may  be  found 
desirable. 

The  accompanying  curves  show  the  characteristics  for  various 
standard  circuits.  The  ordinates  for  each  curve  show  the  rel- 
ative amplitudes  that  are  allowed  by  the  various  standards  for 

♦This  diflference  is  only  a  fraction  of  one  per  cent ;  thus,  if  the  admit- 
tance of  an  inductive  circuit  on  a  sine  wave  is  unity,  it  is  0.9952  on  a  wave 
having  a  fifth  harmonic  of  ten  per  cent  in  addition  to  the  fundamental. 

flnasmuch  as  the  RC  standard  should  be  free  from  inductance,  a 
small  error  is  introduced  by  inductance  in  the  ammeter;  with  the  RLC 
standard  this  error  may  be  avoided  by  including  the  inductance  of  the 
ammeter  as  part  of  the  inductance  of  the  standard  circuit. 

Digitized  by  LjOOQ IC 


1160  BEDELL:    WAVE-FORM  STANDARD  [Sept.  8 

harmonics  of  different,  frequencies,  it  being  assumed  in  all  cases 
that  no  more  than  one  harmonic  is  present.  The  mathematical 
relations  on  which  these  curves  are  based  are  given  in  Appendix  I . 
As  a  basis  for  comparison,  a  curve  for  the  condenser  standard 
is  shown  by  the  dotted  curve  in  each  figure.  The  scale  of  ordi- 
nates  is  relative,  the  absolute  values  depending  upon  the  specified 
value  for  the  distortion  factor.  Thus,  for  the  dotted  curves, 
a  distortion  factor  1.12  allows  a  fifth  harmonic  equal  to  10  per 
cent,  of  the  fundamental,  a  seventh  harmonic  equal  to  about 
7|  per  cent.,  etc.,  the  allowable  amplitude  decreasing*  with  the 
order  of  the  harmonic.    The  fifth  harmonic  is  marked  for  con- 
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Fig.  1.     RC  standard,  resistance  being  1  2/3  per  cent,  3  1/3  per  cent 
and  5  per  cent  of  reactance  of  condenser  at  fundamental  frequency.    The 

JD 

curves  approach,  £00  =  5  £»  -==—  (approx.)  at  infinite  frequency.     Dotted 
curve  is  condenser  standard. 


venient  reference.     The  value  of  the  fifth  harmonic,  £5,  for 
different  values  of  distortion  factor,  d,  are  as  follows: 

£5  0.04     0.05  0.06      0.07     0.08    0.09    0.10   0.11       0.12 
d     1.02     1.03  1.045     1.06     1.08     1.10     1.12   1.145     1.17 

The  scale  for  the  curves  is  thus  determined  in  terms  of  distor- 
tion factor. 

In  Fig.  1,  the  solid  curves  show  the  characteristics  of  the 
R  C  standard  for  three  different  values  of  2?,  namely,  Ij,  3 J 

*The  amplitude  varies  (approximately)  inversely  as  the  order  of  the 
harmonic.    If  k  is  the  order  of  the  harmonic, 

6  =  (1  -f  *«  Ek^)^  -^  (1  -h  £**)*,  as  derived  in  Appendix  I.  The  de- 
nominator (1 +£**)*  differs  from  unity  by  less  than  half  of  one  per  cent, 
if  Ek  is  not  over  0.10.  Substituting  unity  for  the  denominator,  we  have 
then,  with  an  error  of  less  than  half  of  one  per  cent, 

6  =  (1  -h  k*Ek')^,    or    Ek  =  (6»-   1)*  -^  *.      For    constant  8,    £*  ac- 
cordingly varies    inversely  as    k^   the  dotted  curve  being  an  hyperbola. 
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and  5  per  cent  of  condenser  reactance  at  fundamental  frequency. 
These  curves  approach  the  limiting  minimum  value, 

E^  =^  b  El  -77 .  approximately. 

The  RC  standard  is  practically  free  from  the  objections  ' 
given  for  the  condenser  standard  and  it  is  readily  assembled  from 
apparatus  commonly  at  Aand.  In  this  respect  it  is  superior  to 
the  RL  C  standard  and,  from  the  standpoint  of  practicability,* 
is  the  most  satisfactory  working  admittance  standard.  Whether 
its  characteristics  are  more  or  less  desirable  than  those  of  the 
R  L  C  standard  is  a  question  to  be  determined;  these  latter 
characteristics  will  now  be  discussed. 

The  current  flowing  through  an  i?  L  C  circuit  at  constant 
voltage  increases  with  frequency  until  resonant  frequency  is 
reached  and  then  decreases,  as  is  discussed  in  various  text 
books.f  In  the  case  of  a  distorted  wave,  the  current  produced 
by  a  particular  harmonic  varies  in  a  like  manner,  a  fact  that  has 
been  made  usej  of  in  the  determination  of  the  amplitudes  of 
the  harmonics  to  which  distortion  is  due.  In  the  use  of  such  an 
R  L  C  circuit  as  a  standard,  it  is  not  necessary,  however,  to  go 
so  far  as  to  determine  the  numerical  values  of  the  harmonics 
that  may  be  present,  but  merely  to  make  sure  that  the  harmonics 
do  not  exceed  certain  specified  values. 

The  curves  in  Fig.  2  show  the  characteristics  for  an  i?  L  C 
standard  and  correspond  to  the  curves  shown  in  Fig.  1  with  the 
addition  of  a  certain  inductance,  so  that  L  and  C  are  resonant 
at  a  particular  frequency,  in  this  case  1600  cycles.  Except  for 
the  inductance,  the  circuits  for  the  curves  in  Figs.  1  and  2 
are  identical.    It  is  seen  that,  in  Fig.  2,  the  curves  come  to  a  . 

definite  minimum  (approximately  5  £5  tt)  at  the  resonant  fre- 
quency instead  of  at  infinite  frequency,  as  in  Fig.  1 ;   this  min- 

*With  the  possible  exception  of  the  effect  produced  by  ammeter 
inductance. 

fSeie,  for  example,  Fig.  32,  "Alternating  Currents"  by  Bedell  and  Cre- 
hore,  1892. 

JSee  "Analysis  of  E.M.F.  Waves,"  by  P.  G.  Agnew,  BuL  Bureau  of 
Standatds,  p.  95,  Vol.  VI.,  1909,  where  the  use  of  a  series  RLC  circuit 
is  described;  for  another  arrangement,  see  articles  by  M.  I.  Pupin,  Am, 
Journ.  Sc,  pp.  379,  473,  1894.  Resonant  circuits  have  also  been  used  to 
determine  harmonic  currents  that  are  present  in  addition  to  direct  cur- 
rent in  trolley  circuits.  C^  r\r\r\\r> 
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imum  value  is  determined  by  and  is  directly  proportional*  to 
the  resistance. 

It  will  be  seen  that  by  selecting  the  values  to  be  specified 
for  distortion  factor,  and  for  R  and  L  in  the  standard  circuit, 
the  characteristics  of  the  R  L  C  standard  can  be  adjusted  to  a 
wide  range  of  conditions.  The  minimum  of  the  curve,  which  is 
the  point  of  maximum  penalty,   has  its  position  (i.e.,  the  fre- 
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Fig.  2.     RLC  standard;    resonance  at  1500  cycles.     Resistance  is  0, 
1  2/3  per  cent,  3  1/3  per  cent  and  5  per  cent  of  reactance  of  condenser  at 

fundamental  frequency.     E  at  resonance  =  5  Ei  -rr^  approx.   (On  25- 

cycle  circuit,  i?  is  1,  2  and  3  times  reactance  of  condenser  at  resonant 
frequency.  On  60-cycle  circuit,  R  is  0.41,  0.83  and  1.25  times  reactance 
of  condenser  at  resonant  frequency.)    Dotted  curve  is  condenser  standard. 


quency  at  which  it  occurs)  determined  by  L;  its  relative  value 
determined  by  R.  The  absolute  value  of  the  scale,  for  the  whole, 
curve,  is  determined  by  the  specified  distortion  factor. 

It  will  be  noted  that  no  changes  in  the  values  of  jf?  L  or  C 
affect  materially  any  of  the  curves  for  the  lower  harmonics, 

*This  is  very  close  to  a  true  proportionality  for  all  practical  cases ; 
the  departure  from  proportionality  only  occurs  when  the  amplitude  of 
the  harmonic  is  much  more  than  is  generally  found  in  practice.         ^ 
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the  allowable  values  for  the  lower  harmonics  being  determined 
solely  by  the  specified  value  for  distortion  factor.  For  the  lower 
harmonics,  the  dotted  curve  for  the  condenser  standard  is  seen 
to  coincide  practically  with  the  solid  curves  of  the  R  C  and 
the  R  C  L  standards.  It  is  thus  seen  that  the  constants  of  the 
circuit  have  a  material  effect  only  on  the  values  of  harmonics 
of  the  middle  and  higher  ranges. 

Fig.  2  shows  the  effect   of  varying  R  when  L  is    constant. 
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Fig.  3.  RLC  standard;  resonance  at  900,  1500  and  2100  cycles. 
Resistance  is  3  1/3  per  cent  of  the  reactance  of  condenser  at  fundamental 
frequency.    Dotted  curve  is  condenser  standard. 


(It  is  understood  that  these  values  are  not  absolute  but  are 
relative  to  the  value  of  C.)  The  intersection  of  the  dotted  curve 
with  one  of  the  solid  curves  at  resonance  is  due  to  the  fact  that 
in  this  case  the  resistance  had  a  value  equal  to  the  reactance  of 
the  condenser  at  resonance,  a  relation  discussed  further  in  con- 
nection with  Fig.  4. 

Fig.  3  shows  the  effect  of  varying  L  when  R  is  constant. 
Three  values  are  taken  for  L  giving  resonance  at  frequencies 
of  900, 1500  and  3100.  A  rapid  ri^?  in  the  curve  after  the  minimmji 
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is  reached  is  objectionable  in  a  standard,  and  this  is  seen  to  be 
the  more  marked  the  lower  the  resonant  frequency. 

In  Figs.  2  and  3,  the  value  of  R  is  specified  in  terms  of  the 
reactance  of  the  condenser  at  fundamental  frequency,  and  accord- 
ingly is  different  for  26-  and  60-cycles  circuit.  As  a  result,  the 
ordinates  of  the  25-cycle  and  60-cycle  curves  are  equal  at  res- 
onant frequency;  the  amplitude  of  harmonic  allowed  is  thus 
constant  at  this  absolute  frequency,  irrespective  of  the  order  of 
the  harmonic  with  respect  to  fundamental  frequency. 
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Fig.  4.  RLC  standard;  resonance  at  900,  1500  and  2100  cycles. 
Resistance  is  equal  to  reactance  of  condenser  at  resonant  frequency, 
irrespective  of  fundamental  frequency.  Dotted  curve  is  condenser  stand- 
ard. 


Fig.  4  shows  the  characteristics  of  the  RLC  standard  when 
R  is  constant,  irrespective  of  the  frequency  of  the  circuit,  R 
being  equal  to  the  reactance  of  the  condenser  at  resonant  fre- 
quency. Curves  are  drawn  for  three  resonant  frequencies.  It  is 
seen  that  in  each  case,  in  Fig.  4,  the  curves  closely  follow  the 
dotted  curve  of  the  condenser  standard  up  to  the  resonant 
point.  Up  to  this  point,  each  curve  lies  just  below  the  curve  for 
the  condenser  standard,  thus  imposing  a  slightly  greater  penalty 
on  harmonics  through  this  range.  ^  j 
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Although  it  is  more  logical  for  the  value  of  R  to  depend  upon 
fundamental  frequency,  there  would  be  an  obvious  practical 
advantage  in  having  R  constant,  irrespective  of  fundamental 
frequency,  for  all  circuits:  If  R  were  made  equal  to  the  condenser 
reactance  at  resonant  frequency,  there  would  be  a  further  advan- 
tage that  the  resonant  distortion  factors  thus  defined  differ  little 
in  numerical  value  from  the  present  (differential)  distortion 
factor,  the  solid  and  dotted  characteristic  curves,  in  Fig.  4, 
following  each  other  closely  up  to  the  point  of  resonance,  where 
they  intersect;  resonant  distortion  factor  is  then  a  modification 
of  the  distortion  factor  of  the  condenser  standard.  But  such  a 
factor  would  be  open  to  the  objection  already  raised  to  the  con- 
denser standard,  namely,  that  the  lower  harmonics  are  not 
penalized  enough  or  the  higher  harmonics  are  penalized  too 
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Pig.  5.  RC  standard;  the  same  as  Pig.  1  with  scale  changed  so  that 
curves  coincide  at  infinity.  Resistance  is  12/3  per  cent,  3  1/3  per  cent 
and  5  per  cent  of  reactance  of  condenser  at  fundamental  frequency. 

much.  By  increasing  the  value  of  R,  the  solid  curves  in  Fig.  4 
would  be  raised  in  the  region  of  resonance  in  the  same  manner 
as  in  Fig.  2. 

It  is  to  be  kept  in  mind  that  any  change  in  R  affects  only 
relative  values  of  the  allowable  harmonics  at  different  frequencies, 
provided  the  appropriate  numerical  value  is  assigned  to  the 
distortion  factor. 

A  comparison  of  Figs  5  and  6  with  Figs  1  and  2  may  make 
this  clearer.  Each  curve  in  Fig.  1  is  drawn  for  the  same  value  of 
distortion  factor,  this  causes  the  curves  to  practically  coincide 
at  low  frequencies  (irrespective  of  the  value  of  R)  and  to  diverge 
at  high  frequencies.  The  curves  of  Fig.  1  are  redrawn  in  Fig.  5, 
each  for  a  different  value  of  distortion  factor,  so  that  they  coin- 
cide at  infinite  frequency  and  diverge  at  low  frequencies.  In  a 
like  manner,  the  curves  of  Fig.  2  are  redrawn  in  Fig.  6,  with 
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different  values  of  distortion  factor,  so  as  to  coincide  at  resonant 
frequency. 

From  the  foregoing  study  it  will  be  seen  that  an  increase  in  R 
decreases  the  penalizing  of  the  high  harmonics  relative  to  the 
low  (or  increases  the  penalizing  of  the  low  harmonics  relative 
to  the  high),  the  absolute  value  of  either  high  or  low  being  not 
necessarily  affected. 

It  should  be  noted  that  an  increase  in  resistance  tends  to 
decrease  the  sensitiveness  of  measurement;  thus,  in  Fig.  5  or 
6,  the  distortion  factor  might  be  changed  from,  say,  1.17,  with 
the  smaller  resistances,  to  about  1.05  and  1.02,  respectively 
with  the  larger  resistances. 

If  a  standard  of  the  admittance  type  is  deemed  desirable, 
there  are  many  points  to  be  decided  before  the  exact  specification 
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Fig.  6.  RLC  standard:  the  same  as  Fig.  2  with  scale  changed  so 
that  curves  coincide  at  resonant  frequency.  Resistance  is  1  2/3  per  cent, 
3  1/3  per  cent  and  5  per  cent  of  reactance  of  condenser  at  fundamental 
frequency,  or  100  per  cent,  200  per  cent  and  300  per  cent  of  reactance  of 
condenser  at  resonant  frequency. 


of  the  standard  can  be  determined.     Some  of  these  points  are 
as  follows: — 

1.  Shall  the  standard  circuit  be  a  simple  circuit,  as  described 
in  this  paper,  or  a  composite  circuit? 

2.  If  a  simple  circuit  is  to  be  adopted,  shall  this  circuit  con- 
tain an  inductance  and,  if  so,  how  much;  or,  in  other  words, 
what  shall  be  the  resonant  frequency? 

3.  How  much  resistance  shall  the  standard  contain ;  should  this 
resistance  be  different  for  circuits  of  different  frequencies,  or 
should  it  be  the  same  for  all  frequencies? 

4.  What  numercial  value  of  the  factor  thus  specified  should 
be  allowed  in  acceptance  of  alternators? 

5.  What  details  arid  what  load  conditions  conducting  tests 

should  be  specified?  Digitized  by  CjOOg Ic 
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APPENDIX  I 

Formulas  for  Distortion  Factors 
An  irregular  voltage  wave,  composed  of  a  fundamental  Ei 
and  harmonics  £|,  E^,  £7,  etc.,  has  a  r.m.s.  value 

£  =  (fix' +  £s*  +  £5*  +  .  ..)^ 

If  Yu  Yz,  Ys,  etc.,  are  the  admittances  of  the  standard  cir- 
cuit for  the  fundamental  and  for  the  several  harmonics,  respec- 
tively, the  current  taken  by  the  standard  circuit  when  subjected 
to  the  irregular  voltage  £,  is 

I  =  (£1*  Fi*  +  £,»  F,«  +  £5*  K5*  +  .  . .)  ^. 

The  admittance  of  the  standard  circuit  on  the  irregular  wave 
is  //£;  its  admittance  on  a  sine  wave  is  Fi.  The  former  divided 
by  the  latter  gives 


Distortion  factor 


Vi  +  £3* +  £5*  +  ... 

In  this  last  equation,  £1  has  been  taken  as  unity. 
When  only  one  harmonic  of  order  k  is  present 


Distortion  factor 


Vl  +  Ek' 


All  the  curves  in  this  paper  are  determined  by  this  equation, 
by  giving  a  constant  value  to  distortion  factor  and  determining 
Ek  for  different  values  of  jfe. 

The  preceding  equations  are  general  and  apply  to  any  standard 
circuit.  For  the  particular  case  of  the  condenser  standard. 
F,/  Fi  =  3,  Fs/  Fi  =  5,  etc. ;  hence 

g  ^    Vl  +  (3£,)'+(5£5')  +  .7, 
V  1  +  £,«  +  £5*  +  .  .  . 
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When  only  one  harmonic  is  present, 

g  ^  Vl  +  jkEk)^ 
Vl  +  Et? 

This  equation  may  be  used  in  determining  the  dotted  curves 
in  Fig.  1  to  4. 

APPENDIX  n 

Measurements 

It  has  not  been  the  object  of  this  paper  to  discuss  at  length 
experimental  details,  nor  to  bring  up  various  questions  relating 
thereto.  A  brief  statement  concerning  test  methods  will,  how- 
ever, not  be  out  of  place. 

The  admittance  of  a  standard  circuit,  when  supplied  at  its 
terminals  with  the  voltage  under  test,  is  readily  determined 
by  ammeter  and  voltmeter  readings.  Unless  an  electrostatic 
voltmeter  is  used,  the  ammeter  should  be  included  as  part  of 
the  standard  circuit,  the  resistance  and  inductance  of  the  in- 
strument (unless  negligible)  being  included  in  the  specified 
values  of  R  and  L  for  the  standard. 

The  admittance  of  the  standard  circuit  on  sine-wave  voltage 
may  be  determined  either  by  calculation  or  by  voltmeter  and 
ammeter  readings  when  sine  voltage  is  impressed  at  the  ter- 
minals of  the  standard. 

In  the  former  case,  it  is  necessary  to  know  accurately  the 
absolute  values  oi  RLC  and  frequency,  and  also  the  absolute 
values  of  the  current  and  voltage  in  the  determination  of  admit- 
tance on  the  irregular  wave.  Great  care  is  therefore  necessary 
to  insure  dependable  results. 

In  the  latter  case  the  value  of  I/E  on  the  irregular  wave, 
divided  by  I/E  on  the  sine  wave  gives  the  distortion  factor. 
It  is  seen  that  in  this  case  only  relative  values  are  necessary,  as 
the  result  is  a  ratio ;  fairly  accurate  results  can  be  obtained  even 
with  rather  crude  instruments,  provided,  of  course,  that  the  read- 
ings on  the  irregular  wave  and  the  sine  wave  are  both  taken  with 
the  same  ammeter  and  voltmeter. 

A  sine  wave  sufficiently  pure  for  the  purpose  can  be  derived 
from  the  irregular  voltage  wave  by  augmenting  the  fundamental 
and  choking  out  the  harmonics.  One  way*  for  accomplishing 
this  that  has  been  found  satisfactory  is  to  place  in  parallel  with 
the  standard  circuit  a  condenser  C  having  a  capacity  prefer- 
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ably  much  larger  than  the  capacity  of  the  condenser 
in  the  standard  (say  five  times  as  large)  and  to  place  a 
non-ferric  inductance  L'  in  series  with  the  combination 
of  C'  and  the  standard  circuit  in  parallel.  The  inductive  re- 
actance of  L'  at  fundamental  frequency  should  te  greater  (say 
at  least  25  per  cent  greaterf)  than  the  capacity  reactance  of 
C  at  fundamental  frequency.  With  suitable  switches,  the  am- 
meter and  voltmeter  readings  giving  the  admittance  first  on 
the  irregular  wave  and  then  on  the  sine  wave  are  readily  taken; 
the  ratio  gives  the  distortion  factor. 

The  ntunerical  values  of  distortion  factor  with  the  RC  or  RLC 
standard  will  differ  but  little  from  the  value  of  differential 
distortion  factor  6,  particularly  when  R  and  L  are  specified 
with  a  view  to  making  this  difference  small.  To  do  this  may 
be  worth  while,  in  view  of  the  fact  that  6  is  a  constant  of  de- 
finite theoretical  significance  and  of  use  in  certain  calculations.} 

It  may  be  pointed  out  that  the  measurement  oi  btr  by  the 
split  dynamometer  method,  referred  to  in  one  of  the  Deer  Park 
papers,  is  also  practically  a  measurement  of  6,  inasmuch  as  the 
value  of  (T  is  so  nearly  unity, — ^more  than  0.995  in  most  cases. 
(For  this  reason  certain  objections  to  the  condenser  or  h  stand- 
ard hold  as  well  for  the  b(T  standard.)  The  dynamometer 
reading  varies  as  the  product  of  the  current  in  the  two  windings. 
The  current  in  one  winding  is  derived  through  a  condenser  re- 
actance and  is  proportional  to  S/Cw;  the  current  in  the  other 
^landing  is  derived  through  an  inductive  reactance  and  is  pro- 
portional to  Loj.  The  product  is  proportional  to  8  a  and  is 
independent  of  frequency.  The  reading  of  the  instrument  is, 
however,  dependant  upon  voltage.  By  substituting  suitable 
resistances  for  the  reactances,  the  reading  of  the  instrument 
with  reactances  in  circuit  divided  by  the  reading  with  resistances 
in  circuit  gives  the  value  oi  d  a  irrespective  of  voltage  or  fre- 

*This  is  essentially  the  method  by  which  a  sine  wave  has  been  obtained 
for  the  Ryan  Cathode  Ray  Oscillograph;  see  Transactions,  A.  I.  E.  E., 
p.  639,  Vol.  XXII,  1903. 

The  Davis  method  (he,  cit.)  is  a  particular  case  in  which  C  =  0. 
The  presence  of  C  reduces  the  size  of  L'  and  gives  a  resultant  sine  wave 
with  greater  accuracy  when  the  standard  contains  R  and  L  as  well  as  C 
fStrictly  speaking,  it  must  be  greater  than  the  joint  reactance  of  C 
and  C  in  parallel.  It  should  be  enough  greater  to  make  sure  that  it  is 
greater  and  to  avoid  instability  of  readings  that  may  occur  when  inductive 
reactance  and  capacity  reactance  are  nearly  equal. 

JSee  Mizushi  paper,  Deer  Park,  Loc.  cit. 
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quency.  Variations  of  voltage  and  frequency  even  as  much  as 
100  per  cent  have  been  found  tolerable. 

The  dynamometer  wave-form  meter  has  been  made  more 
sensitive  by  a  differential  arrangement,  two  dynamometers 
being  mountecf  on  one  moving  system,  the  two  coils  of  one 
dynamometer  deriving  current  through  inductive  and  condenser 
reactances,  respectively;  the  two  coils  of  the  other,  through 
resistances.  The  simpler  single  split-dynamometer  has,  however, 
been  found  by  the  writer  to  be  sufficiently  sensitive. 

Theoretically  the  split  dynamometer  gives  true  values  of 
S  a  only  when  the  two  reactances  have  zero  resistance,  a  con- 
dition that  can  be  approached  but  not  exactly  obtsiined.  -By 
putting  resistance  or  resistance  and  inductance  in  series  with  the 
condenser,  it  might  be  possible  to  make  the  readings  of  the 
instrument  approximate  the  distortion  factor  of  the  RC  or  RLC 
standard,   but  these  possibilities  have  not  been  investigated. 
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Discussion  on  "Characteristics  of  Admittance  Type  op 
Wave-Form  Standard"  (Bedell),  Seattle,  Wash., 
September  8,  1916. 

Joint  Committee  on  Inductive  Interference:  The  importance 
of  wave-form  as  a  factor  in  determining  the  extent  of  inductive 
interference  with  telephone  service  resulting  from  cases  of 
parallelism  of  power  and  telephone  circuits,  has  been  pointed  out 
on  several  occasions  by  this  Committee  and  by  others.  Its 
supreme  importance  from  our  point  of  view  renders  particularly 
desirable  the  adoption  of  a  suitable  method  of  measurement 
and  the  enforcement  of  the  lowest  practicable  limiting  value  of 
distortion  of  wave  forms  of  rotating  machinery  measured  by  such 
standard.  We  have  had  occasion  to  take  this  matter  up  with  the 
Standards  Committee  of  the  Institute  and  are  glad  to  note  the 
interest  manifested  by  the  Standards  Committee  in  undertaking 
a  study  of  the  subject  through  the  appointment  of  a  subcom- 
mittee, whose  Chairman  is  the  author  of  the  paper  under  dis- 
cussion. 

In  principle,  an  admittance  standard  for  determining  the  dis- 
tortion factor  of  an  e.m.f .  wave  appears  to  be  eminently  suitable 
from  our  point  of  view  and  has  a  great  advantage  over  methods 
which  require  a  tedious  analytical  or  cut-and-try  process.  As  to 
the  specific  type  and  constants  of  an  admittance  standard  and 
the  numerical  value  of  the  distortion  factor  which  should  be 
taken  as  a  limit,  our  present  information  does  not  warrant  us  in 
making  a  recommendation. 

The  first  and  most  difficult  problem  to  be  solved  before 
settling  upon  a  particular  circuit  to  be  employed  in  measuring 
the  distortion  of  wave  form  is  to  determine  the  law  expressing  the 
relative  detrimental  effects  of  different  harmonics  in  a  machine 
wave-form  imder  representative  conditions  of  operation.  This 
involves,  besides  a  knowledge  of  the  variation  with  frequency  of 
the  damage  due  to  induced  current  in  a  telephone  receiver 
(physiological  effect),  a  consideration  of  the  distortion  of  wave 
form  of  voltages  and  currents  which  takes  place  between  the 
telephone  receiver  and  the  rotating  machinery  of  the  power 
system.  Doubtless  somewhat  arbitrary  assumptions  will  have 
to  be  made  in  evaluating  many  of  the  facts,  lines  in  the  chain 
between  telephone  receiver  and  generator.  However,  every 
effort  should  be  made  to  determine  this  law,  in  order  that  the 
relative  interference-producing  powers  of  various  machine 
wave  forms  may  be  known.  Only  through  this  knowledge  can 
improvement  over  present  conditions  be  most  economically 
made.  Given  the  law  expressing  the  relative  importance  of  the 
different  harmonics  in  a  machine  wave  form,  if  the  matter  of 
inductive  interference  is  to  govern  (and  we  believe  it  to  be  the 
most  important  consideration  usually  involved  and  the  one 
requiring  the  most  rigid  limitation  of  harmonics)  the  variation 
with  frequency  of  the  admittance  of  the  standard  selected  should 
follow  this  law  as  closely  as  practicable.    Though  our  present 
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information  on  this  subject  is  not  complete,  it  indicates  that  a 
standard  penalizing  the  higher  harmonics  to  a  greater  degree 
(relative  to  low  harmonics)  than  the  condenser  standard  is 
desirable.  This  apparently  requires  a  composite  circuit,  rather 
than  one  of  the  simple  circuits  described  in  Dr.  BedelFs  paper. 
It  seems  to  us  that  the  disadvantages  of  a  complex  circuit  are  to 
be  regarded  as  of  minor  importance.  If  it  is  impracticable  at  this 
time  to  determine  the  relative  weights  which  should  be  assigned 
to  the  different  harmonics  and  to  prescribe  a  composite  circuit 
which  would  weight  the  harmonics  exactly  as  desired,  we  recom- 
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mend  the  condenser  standard  as  being  far  superior  to  the  present 
or  "deviation"  standard. 

It  is  well  to  note  the  fact  that  the  curves  and  discussion  given 
in  the  paper  are  based  on  the  assumption  of  a  single  harmonic, 
whereas  several  are  usually  present.  Possible  misinterpretation 
of  the  plots  on  this  accotmt  could  be  avoided  by  plotting  "rela- 
tive penalty**  curves,  which  would  apply  regardless  of  the  number 
or  amplitude  of  the  harmonics  present.  In  keeping  with  the 
designation  of  the  type  of  standard,  the  ordinates  would  be 
directly  proportional  to  the  admittance  of  the  circuit  and  the 
curves  for  the  condenser  standard  become  straight  lines.    Fig.  1 
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shows  several  curves  plotted  on  this  basis.  They  are  approxi- 
mately reciprocal  to  the  curves  given  in  the  paper  for  circuits 
with  the  same  constants. 

With  respect  to  the  five  questions  at  the  close  of  Dr.  BedeU's 
paper: 

1.  As  discussed  above,  a  composite  circuit  is  probably  desir- 
able. 

2.  If  a  simple  circuit  is  to  be  adopted,  the  inductance  should 
be  such  that  the  circuit  does  not  resonate  below  1500  cycles. 

3.  The  resistance  in  the  simple  circuit  should  be  as  small  as 
possible.     -  s 

4.  The  numerical  value  of  the  factor  would  have  to  be 
determined  after  careful  consideration  of  present  practise  and 
opportunities  for  improvement  in  design.  It  is  possible  that 
alternators  of  different  types  and  ratings  should  be  classified  in 
different  groups  and  different  factors  specified  for  each  group. 
For  example,  small,  slow-speed,  high-voltage  synchronous  motors 
might  be  allowed  a  greater  factor  than  large  turbine-driven 
generators,  for  the  reasons  that  the  wave-form  of  an  extensive 
network  is  generally  less  affected  by  a  small  motor  than  by  a 
large  generator,  and  the  suppression  of  harmonics  is  more  difficult 
in  the  former  than  in  the  latter  class  of  machines. 

5.  As  it  is  the  wave  form  under  load  conditions  in  which  one 
is  primarily  interested,  and  as  this  is  different  from  the  no-load 
wave  form,  tests  should  be  conducted,  as  far  as  practicable, 
under  conditions  simulating  those  under  which  the  machines  will 
operate.    We  realize  the  difficulty  of  so  doing  in  many  instances. 

Apart  from  the  consideration  of  an  admittance  standard  for 
determining  the  distortion  of  machine  wave  form,  there  may  be 
a  field  for  an  admittance  type  of  standard  in  determining  the 
equivalent  "noise-volts'*  in  telephone  conductors  subject  to  in- 
ductive interference. 

H.  S.  Osborne:  Prof.  Bedell  has  pointed  out  that  the  selec- 
tion of  a  wave-shape  standard  involves  two  general  problems: 

1.  What  shall  be  the  relative  amounts  permitted  of  com- 
ponents of  different  frequencies. 

2.  What  numerical  values  shall  be  set  under  different  condi- 
tions to  the  standard  thus  defined. 

From  the  standpoint  of  inductive  interference  in  telephone 
circuits,  the  relative  weighting  of  harmonics  of  different  fre- 
quencies is  of  importance  both  in  connection  with  the  considera- 
tion of  wave-shape  standards  and  for  practical  use  in  the  investi- 
gation of  induced  noise  in  telephone  circuits,  particularly  in 
considering  the  relative  effect  of  different  generators  or  other 
electrical  machinery  in  producing  interference  in  a  given  parallel. 

In  considering  inductive  interference  it  is  evidently  the  fre- 
quency, rathe^r  than  the  order  of  a  harmonic  which  is  important, 
and  a  component  of  a  given  frequency  and  magnitude  is  of  equal 
importance  in  a  60-cycle,  in  a  2&-cycle  alternator  and  in  a  direct- 
current  machine. 
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At  the  Deer  Park  convention  of  the  Institute  there  were  pre- 
sented the  results*  of  some  preliminary  work,  done  for  the  Joint 
Committee  on  Inductive  Interference  of  California,  in  determin- 
ing approximately  the  relative  amount  of  interfering  effect  of 
given  amounts  of  currents  of  dUferent  frequencies  in  a  telephone 
receiver.  These  results  are  reproduced  in  curve  C  of  Fig.  2.  The 
amount  of  current  produced  in  the  telephone  circuit  by  one  volt 
or  one  ampere  in  the  power  circuit  is  approximately  proportional 
to  the  frequency,  and  is  represented  by  curve  A  in  Fig.  2.  Assum- 
ing the  telephone  terminal  apparatus  to  be  such  that  the  same 
proportion  of  currents  of  all  frequencies  pass  from  the  line  into 
the  telephone  receiver,  the  relative  interfering  effect  of  one  volt 
or  one  ampere  of  different  frequencies  in  power  circtdt  can  be 
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represented  by  curve  D  in  Fig.  2,  in  which  each  ordinate  is  the 
product  of  the  corresponding  ordinates  of  curve  A  and  curve  C. 
The  work  which  has  been  done  to  date  indicates  that  the 
interfering  effect  of  a  compound  wave  shape  can  be  represented  as 
the  square  root  of  the  sum  of  the  squares  of  the  effects  of  the 
sine  components  of  the  wave.  An  interference  coefficient  of  an 
alternating  current-wave  can  be  defined  as  proportional  to 

K=  Vl{VfDfy 

where  V/  is  the  voltage  component  of  the  wave  of  frequency.  /, 
and  Df  is  the  ordinate  of  curve  D  corresponding  to  that  fre- 
quency. 

By  arranging  a  measuring  instrument  in  a  network  so  that  the 
readings  of  the  instrument  will  be  proportional  toK  a.  very  simple 
method  is  made  available  for  determining  approximately  the 
interference  coefficient  of  a  wave,  thus  avoiding  a  complicated 


♦See  Trans.  1916.  Vol.  XXXIV,  page  1180. 
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oscillographic  analysis.  The  arrangement,  beside  having  a 
transfer  admittance  at  different  frequencies  proportional  to  the 
ordinates  of  curve  D  must  have  a  high  impedance  at  commercial 
frequencies  if  it  is  to  be  used  with  ordinary  potential  transform- 
ers, must  give  a  measurable  current  through  the  branch  contain- 
ing the  measuring  instrument,  and  must  make  allowance  for  the 
impedance  of  the  instnmient,  which  must  measure  the  effective 
value  of  the  current  flowing  through  it,  independent  of  frequency. 
An  experimental  arrangement,  worked  out  by  Mr.  H.  W. 
Hitchcock,   which  approximately   meets     these     requirements 
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is  shown  diagrammatically  in  Fig.  3,  which  also  showS  the 
degree  of  approximation  obtained.  The  particular  form  of 
network  here  shown  makes  use  of  a  suggestion  made  by  Mr. 
Chubb  for  a  possible  wave-shape  standard.  The  measuring 
instrument  comprises  a  thermocouple  connected  to  a  d-c.  milli- 
ammeter.  The  instrument  is  provided  with  a  universal  shimt  for 
the  protection  of  the  thermocouple  against  excessive  currents. 
The  apparatus  is  provided  with  a  switch  by  means  of  which  the 
meter  can  be  connected  across  the  line  through  a  10,000-ohm 
resistance  so  as  to  measure  the  effective  voltage  at  the  terminals. 
In  most  practical  cases  this  is  near  enough  to  the  value  (rf^the     t 
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fundamental  voltage  so  that  it  can  be  used  as  the  fundmental 
without  excessive  error. 

The  few  results  which  have  so  far  been  obtained  with  this 
apparatus  are  very  encouraging.  In  the  following  table  are  given 
two  comparisons  between  the  noise  induced  in  the  telephone 
circuits  in  a  given  parallel  when  the  paralleling  power  circuit  was 
supplied  from  different  generators  and  the  readings  of  the  wave- 
shape meter  on  the  generators. 


Reading  of  wave- 
shape meter,  milli- 
amps.  per  volt 

Noise  units  in 
telephone  circuits 

Southhampton,  Gen.  No.  1 

0.31 
0.58 
0.086 
0.043 

170 
350 
1700 
800 

Gen.  No.  3 

Iowa  Gen.  No.  7 

"     Gen.  No.  8 

The  proportionality  is  seen  to  be  very  good. 

The  noise  was  in  each  case  measured  by  the  means  regularly 
employed  by  the  Bell  telephone  companies,  in  which  the  noise 
in  the  telephone  circuits  is  compared  with  noise  of  fixed  quality 
and  variable  intensity  from  a  standard  source  of  tone. 

The  large  variations  in  the  interference  coefficients  of  the 
voltage  waves  of  different  generators  and  in  some  cases  the  very 
considerable  variation  with  load  are  indicated  in  the  following 
table.  The  last  eight  cases  of  this  table,  and  the  second  com- 
parison of  the  table  given  above,  are  taken  from  the  results 
obtained  by  the  Iowa  Inductive  Interference  Committee.  I 
wish  to  acknowledge  the  courtesy  of  the  Executive  Committee 
in  charge  of  this  work,  Mr.  W.  G.  Raymond,  Mr.  John  Drabelle, 
Mr.  R.  H.  Fair,  in  permitting  the  use  of  these  results. 


Reading  of 

wave-shape 

meter,  milli- 

Number  of 

Kv-a.  capac- 

amps. per 

phases 

ity  rating 

Load  kw. 

volt 

Remarks 

3 

200 

150 

0.30 

3 

300 

145 

0  59 

3 

300 

350 

0  24 

Same  machine  as  above 

Quarter 

250 

50 

0.070 

Quarter 

250 

100 

0  12 

Same  machine  as  above 

» 

100 

50 

0  70 

3 

150 

45 

0  037 

2 

50 

0 

0.058 

3 

50 

0 

0.52 

3 

300 

100 

0.086 

3 

200 

120 

0  043 

These  few  results  warrant  the  expectation  that  an  arrangement 
similar  to  this  will  in  the  future  give  very  valuable  results  in  the 
study  of  inductive  interference. 

In  establishing  a  standard  of  wave  shape  the  inductive  effects 
in  telephone  circuits  are,  of  course,  only  one  of  several  factors 
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which  must  be  taken  into  consideration.  Such  factors  as  the 
effect  of  harmonics  on  the  operation  of  power  circuits,  and  the 
difficulty  in  attaining  a  desired  degree  of  reduction  in  the  magni- 
tude of  voltages  of  any  given  frequency  should  be  included. 
Weighting  the  harmonics  proportional  to  their  frequency  has  the 
advantage  of  simplicity,  and  excessive  weighting  of  very  high 
frequencies  could  be  avoided  by  having  a  constant  weighting  for 
all  frequencies  above  two  or  three  thousand  cycles.  The  /?,  L,  C 
standard  described  by  Prof.  Bedell,  with  the  condenser  predomi- 
nant at  fimdamental  frequencies  with  resistance  equal  to  the 
condenser  reactance  at  resonance  and  with  a  high  resonant  point 
can  be  made  to  very  closely  approximate  a  standard  of  this  sort 
for  the  frequencies  commonly  generated  in  electrical  machinery. 

To  completely  cover  the  field,  it  would,  of  coiu^e,  be  necessary 
to  establish  standards  not  only  for  alternators,  but  for  motors, 
also,  for  d-c.  as  well  as  for  a-c.  machinery,  and  also  for  converters, 
rectifiers,  transformers,  and  other  electrical  machinery.  It  is  to 
be  hoped  that  it  will  be  found  practicable  in  time  to  cover  the 
whole  of  this  rather  extensive  field. 

L.  F.  Curtis:  I  would  like  to  ask  Prof.  Bedell  if.  in  order  to 
determine  the  order  of  the  harmonic,  as  well  as  its  amplitude,  in 
testing  an  e.m.f.  wave,  it  would  not  be  practical  and  desirable 
to  make  use  of  as  a  standard,  a  resistance,  inductance  and 
capacity,  with,  possibly,  a  variable  inductance,  calibrating  the 
unit  to  give  a  certain  amplitude  or  allowable  amplitude  of  wave 
with  varying  positions  of  the  inductance.  It  seems  to  me  that 
this  standard,  or,  rather,  piece  of  apparatus  could  be  calibrated 
with  a  sine  wave  to  show  the  amplitude  produced  for  different 
positions  of  the  inductance,  and  then  showing  with  the  wave  in 
question  the  additional  humps  or  peaks  induced  by  the  higher 
harmonics. 

C.  E.  Magnusson:  The  manufacturers  of  electrical  machinery, 
and  the  operators  of  large  systems,  especially  large  central 
stations  should  state  their  views.  No  doubt,  the  manufacturer 
could  give  us  accurate  data  as  to  the  increase  in  cost  of  the  gen- 
erators for  a  reduction  in  the  harmonics  and  an  estimate  of  the 
relation  between  these  factors,  would  be  highly  desirable.  The 
operators  do  not,  so  far  as  I  have  been  able  to  determine,  appre- 
ciate quite  as  fully  as  the  telephone  people  how  much  would  be 
gained  if  the  harmonics  could  be  largely  eliminated.  I  think  it 
would  be  an  interesting  study  to  determine,  for  example,  how 
much  energy  is  lost  in  induction  motors  by  the  presence  of 
harmonics,  as  only  the  wave  of  fundamental  frequency  produces 
torque.  All  the  harmonics  produce  heat,  but  no  torque.  With 
the  tremendous  increase  in  the  size  of  power  systems  and  especi- 
ally where  a  large  number  of  central  stations  are  combined  to- 
gether, it  is  of  increasing  importance  that  the  wave  forms  from 
the  several  machines  and  throughout  the  system,  should  be  as 
nearly  of  the  sine-wave  shape  as  possible. 

L.  W.  Chubb:  At  the  meeting  last  year  at  Deer  Park,  the 
discussion  by  the  Committee  on  Inductive  Interference  and  bv   t 
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Mr.  Osborne,  showed  that  the  low  and  very  high-frequency 
components  of  voltage  wave  shapes  are  of  no  consequence  in 
telephone  interference,  and  that  the  great  restrictions  should 
be  in  the  range  from  700  to  1500  cycles.  The  operator  and  de- 
signer must  watch  the  lower  distortional  frequencies,  and  others 
in  the  electrical  industry  are  interested  in  the  high  harmonic 
components.  The  restrictions  which  the  telephone  interests 
wish  to  impose  are  the  most  severe,  because  the  range  of  objec- 
tional  frequencies  falls  within  the  range  of  the  tooth  harmonics  in 
the  usual  commercial  machines. 

The  setting  of  limits  on  wave  distortion  of  generators  affects 
the  operating  interests,  the  manufacturer  of  electrical  apparatus 
and  the  telegraph  and  telephone  interests.  To  the  operator,  the 
elimination  of  the  low-frequency  distortions  is  of  direct  import- 
ance because  of  the  influence  on  losses  and  the  paralleling  charac- 
teristics. The  elimination  of  tooth  frequencies  may  influence 
the  cost  of  right-of-way  for  lines  in  the  neighborhood  of  telephone 
lines  and  the  elimination  of  the  very  high  harmonics  (which 
seldom,  if  ever,  come  from  the  generators)  will  preclude  or  reduce 
the  possibilities  of  oscillation  and  resonant  breakdown  trouble 
in  the  connected  apparatus.  The  purity  of  the  wave,  which  he 
will  require,  will  depend  upon  the  extra  cost  of  machines,  and  the 
gain  in  cost  by  using  the  same  right-of-way,  etc. 

To  the  manufacturer,  the  lowering  of  distortional  harmonics 
is  of  little  consequence.  He  must  now  guarantee  the  satisfactory 
paralleling  of  machines,  and  can  lower  the  higher  frequency 
distortions  if  the  additional  cost,  which  must  be  borne  by  the 
customer,  will  be  justified  by  the  savings  of  the  latter. 

The  telephone  interests  have  everything  to  gain  and  nothing 
to  lose  by  close  limits  in  wave  shape,  and  it  seems  that  they 
should  bear  some  of  the  burden  of  the  problem,  by  installing 
metallic  balanced  systems,  which  will  greatly  reduce  the  effects 
of  inductive  interference.  The  many  discussions  and  schemes 
of  measuring  wave-shape  distortion,  and  setting  a  standard,  and 
the  continuance  of  the  deviation  standard  indicates  that  a  just 
specification  for  wave-shape  variation  and  its  measurement  is  not 
a  simple  matter. 

In  the  present  paper  Prof.  Bedell  lays  greatest  stress  on  the 
simple  series  full  resonant  circuit,  which,  after  considerable 
discussion  by  the  committee,  seemed  to  be  the  most  practical. 
Composite  circuits  have  been  considered,  some  of  which  give 
better  curves  than  the  simple  circuit,  but  the  additional  com- 
plication has  made  it  seem  inadvisable  to  use  the  composite  if  the 
simple  circuit  will  do.  The  simple  series  circuit  can  be  made  to 
limit  any  given  range  of  frequency,  but  to  prevent  the  admittance 
of  high  frequencies  from  falling  off,  and  at  the  same  time  to 
approximate  S  in  the  low-frequency  range,  it  is  necessary  to  have 
the  resonant  point  at  a  frequency  higher  than  that  which  should 
be  penalized  the  most.  This  fault  can  be  overcome  theoretically, 
by  the  composite  circuit,  which  will  follow  8  at  the  low  fre- 
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quencies,  have  resonance  at  any  point  in  the  worse  range,  and 
limit  the  high  frequencies  almost  as  much  as  the  resonant  fre- 
quency. The  circuit  shown  in  Fig.  4  illustrates  this.  It  resonates 
at  1000  cycles  per  second,  and  limits  the  very  high  harmonics 
almost  as  much  as  it  does  the  resonant  frequency.  This  aiid 
other  similar  schemes  are  impractical,  because  the  ordinary 
electromagnetic  ammeters  have  inductance  and  the  thermal 
meters  are  not  accurate  enough  for  the  purpose.  Besides,  when 
deciding  whether  an  admittance  standard  is  desirable,  we  must 
decide  whether  the  composite  circuit,  with  more  difficult  testing 
requirements  and  better  penalties,  or  the  simple  circuit  with 
better  testing  and  poorer  penalty  curves  is  the  more  desirable. 

Generators  do  not  have  the  very  high  harmonic  frequencies, 
and  for  this  reason,  (since  the  standard  is  primarily  for  the  ac- 
ceptance of  machines),  it  will  not  matter  whether  the  curve  turns 
up  at  high  frequency,  as  shown  in  Figs.  3  and  4  of  the  paper. 
If  the  curve  is  allowed  to  turn  up,  the  simple  circuit  with  reson- 
ance at  about  1000  cycles  seems  to  me  to  be  the  best,  if  suitable 
limits  can  be  agreed  upon. 


Fig.  4 

A  -Ammeter         Ci  -5  X  10'*  farad  Li  -0.02  henry 

Ri»50ohms         Rs  »83  ohms 

L.  T.  Merwin:  The  power  man  must  recognize  the  fact  that 
the  subject  matter  of  the  paper  is  to  become  of  exceeding  im- 
portance to  him,  not  only  on  account  of  the  increasing  importance 
of  inductive  interference  problems  that  are  constantly  arising, 
but  from  the  fact  that  our  power  systems  are  constantly  becoming 
more  complex,  and  he  will  be  face  to  face  with  some  of  the 
problems  involved  in  this  paper. 

In  operating  his  system,  however,  he  will  not  be  so  much  in- 
terested in  the  form  factor,  as  outlined  in  the  paper,  as  he  will 
in  its  effects  on  some  composite  circuit  or  branch  circuit  with 
reference  to  some  particular  harmonic  that  may  be  present  in  his 
system.  This  will  come  from  the  fact  that  as  the  distributing  or 
transmission  system  becomes  more  and  more  complex,  the 
presence  of  harmonics  will  constantly  be  thrusting  themselves 
before  him.  No  doubt  but  that  the  power  man  in  the  past  would 
hare  avoided  many  of  the  difficulties  that  have  come  up  if  he  had 
harmonics  arising  from  his  generators.  I  have  a  particular 
instance  in  mind  from  past  experience  in  a  system  in  which  I  had 
operating  concern  and  at  the  time,  while  I  realized  in  a  vague  way 
what  was  happening,  I  was  unable  to  diagnose  my  trouble  in  a 
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satisfactory  fashion.  This  system  was  a  portion  of  the  Nevada, 
California  Powef  Co.,  in  the  mining  region  of  Goldfield,  Nevada. 
It  so  happened  that  whenever  there  was  a  disturbance  due  to  a 
short  circuit  on  any  part  of  the  6600- volt  distribution  system  in- 
volving quite  an  extensive  network,  there  was  one  particular  span 
in  that  system  that  always  failed.  I  simply  mention  this  as  a  mat- 
ter of  operating  experience.  It  came  to  such  a  pass  that  whenever 
there  was  a  big  disturbance  on  this  system  I  immediately  sent  one 
gang  of  linemen  to  the  Gold  Wedge  claim,  where  this  particular 
span  was  located,  and  usually  it  would  be  found  on  the  ground. 
Probably  some  of  the  power  men  here  have  experienced  the  same 
thing.  I  simply  diagnosed  it  in  a  general  way,  as  owing  to  a 
resonant  condition  on  that  particular  branch.  The  effect  of 
some  harmonic  was  greatly  magnified. 

The  subject  matter  of  Prof.  Bedell's  paper,  however,  while  it 
covers  a  case  of  this  sort,  does  not  put  it  in  the  concrete  form 
that  would  be  desirable  from  the  operator's  standpoint.  He  is 
not  interested  so  much  in  the  numerical  value  of  the  wave  form, 
expressing  the  admittance  of  a  great  range  of  frequencies,  as  in 
the  nimierical  value  of  the  admittance  of  a  simple  composite 
circuit  with  reference  to  a  particular  frequency  that  might  pro- 
duce resonance  in  some  branch  of  his  network. 

We  power  men  will  be  forced  to  learn  more  and  more  of  the 
importance  of  the  presence  of  these  higher  frequencies  in  our 
system.  The  paper,  however,  I  fancy,  is  more  designed  to  take 
care  of  a  broader  aspect  of  the  question  than  that.  That  aspect 
bears  upon  the  problems  of  inductive  interference  which  are 
becoming  more  and  more  important  as  the  investigations, 
mutual  and  individual,  of  power  and  telephone  companies 
progress. 

As  to  the  penalizing  of  a  generator  on  account  of  its  wave-form. 
As  brought  out  by  Prof.  Magnusson,  that  penalizing  will  have 
to  take  into  account  not  merely  the  designs  of  the  telephone  and 
power  interests  to  avoid  inductive  interference,  but  must  take 
into  account  also  the  commercial  aspect  of  the  question.  The 
moment  we  begin  to  penalize  generators  the  price  will  begin  to 
rise.  Fiuther,  it  has  been  hinted  that  the  harmonics  that  pro- 
duce troubles  in  inductive  interference,  have  a  fairly  limited 
range.  If  the  third  harmonic  of  a  60-cycle  system  does  not 
particularly  interfere  with  communication,  it  would  scarcely  be 
right  or  wise  to  put  a  penalty  on  its  presence.  If  the  5th  harmonic 
and  the  7th  harmonic  do  not  particularly  interfere  with  the 
transmission  of  speech  and  if  by  chance  they  are  not  of  much 
weight  from  the  power  man's  standpoint,  then  why  penalize  a 
generator  on  account  of  their  presence.  The  power  man  can 
avoid-  difficulties  in  his  distribution  system  arising  from  the 
presence  of  any  of  these  harmonics,  by  a  simple  change  of  cir- 
cuits. The  introduction  of  inductance  for  instance,  in  any  par- 
ticular branch  that  is  resonant  to  some  particular  frequency,  will 
immediately  avoid  difficulties  that  might  arise.     So  it  would 
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seem  to  me  that  a  simple  or  composite  circtdt  that  would  by  one 
measurement  give  a  form  standard  or  a  form  value,  should  be  of 
such  a  nature,  if  possible,  that  it  will  not  involve  the  frequencies 
that  are  of  no  concern.  Ultimately  it  will  be  up,  probably,  to  the 
telephone  companies  to  definitely  state  what  numerical  value 
should  be  assigned  to  the  various  harmonics  in  order  that  the 
manufacturer  may  know  what  to  avoid.  My  own,  very  super- 
ficial, investigation  in  the  matter  seems  to  indicate  that  in  a 
60-cycle  system  the  3rd,  5th,  7th  and  9th  harmonics  are  the 
distressing  ones  in  general.  Now  it  might  be  that  in  some  systems 
the  higher  harmonics  up  as  high  as  the  21st  say,  are  the  ones 
that  give  the  most  trouble.  I  will  admit  that  the  means  of  in- 
vestigation at  my  command  are  very  crude  but  in  the  system 
with  which  I  am  connected  I  do  not  find  the  upper  harmonics 
within  the  range  of  speech,  present  in  any  disagreeable  degree. 
I  do  find,  however,  that  the  third  is  decidedly  present;  the  5th, 
7th  and  9th  can  be  readily  heard  and  do  interfere  unless  quenched 
out  in  some  way.  As  I  have  already  said,  it  will  be  definitely  up 
to  the  telephone  interests  to  state  or  put  a  numerical  value  upon 
that  range  of  frequencies  that  bothers  them  most.  Then  it  will 
be  up  to  the  investigator  and  the  manufacturer  to  try  to  confine 
his  attention  to  this  particular  range. 

L.  J.  Corbett:  I  want  to  call  attention  to  the  possible  effect 
of  a  long  transmission  line  upon  the  wave  form  which  may  start 
at  the  power  house  very  true  to  a  sine  wave.  At  the  University 
of  Idaho  we  are  located  on  the  end  of  a  transmission  line  about 
90  miles  in  length.  During  the  past  year  we  have  taken  the 
wave  form  as  it  comes  to  us  in  our  laboratory.  I  will  not 
guarantee  the  results  because  the  wave  form  was  taken  by  an 
oscillograph  by  tracing  on  the  screen,  and  was  analyzed  by  the 
twelve  ordinate  method.  We  found  unobjectionable  the  3rd 
harmonic,  the  5th  and  7th  were  very  slight,  almost  negligible,  but 
the  9th  harmonic,  was  of  far  greater  amplitude  than  the  3rd. 
Now  the  inductance  and  capacity  of  that  line,  it  would  seem  to 
me  would  alter  the  wave  form  in  the  various  parts  of  the  circuit, 
and  I  would  like  to  hear  from  some  of  the  men  who  are  interested 
in  the  operation  of  our  long  transmission  lines  as  to  whether  they 
have  analyzed  the  curves  at  the  various  points  of  their  lines — 
at  the  power  house  and  also  at  the  various  terminals  or  service 
points.  Mr.  Merwin  has  touched  upon  one  matter  which  I  have 
had  in  mind — ^that  it  may  be  possible  in  a  great  many  cases  to 
correct  for  some  of  these  higher  harmonics  by  quenching  them 
out  by  means  of  inductance,  just  as  we  do  in  connection  with 
lightning  arresters.  We  can  probably  put  in  inductances  which 
will  not  materially  alter  the  regulation  of  our  line  but  which 
will  limit  the  harmonics  to  values  which  are  not  objectionable. 

And  in  regard  to  the  high-frequency  harmonics — I  think  that 
the  present  means  at  our  disposal,  that  of  taking  the  curve  form 
of  an  alternator  and  analyzing  it,  is  about  the  only  method  that 
we  can  use  at  the  present  time.    Of  course,  the  relative  harmonic 
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of  a  25-cycle  generator  which  will  cause  trouble  in  a  telephone 
circuit  will  differ  from  the  relative  harmonic  of  the  60kiycle 
generator  which  has  the  same  frequency,  and  as  has  been  pointed 
out,  those  frequencies  within  the  speaking  range  are  the  only 
ones  which  will  cause  trouble  with  voice  currents.  Those  are 
the  ones  which  should  be  eliminated.  With  the  apparatus  which 
is  already  at  hand  in  the  various  power  stations  it  seems  to  me 
that  the  only  possible  method  of  correction  is  by  some  such 
method  as  indicated,  that  of  quenching  out  the  objectionable 
harmonics. 

J.  B.  Fisken:  Mr.  Corbett  has  expressed  a  desire  to  hear  from 
the  operating  men  as  to  what  investigations  they  have  made  on 
this  question.  As  one  operating  man,  I  would  tell  Mr.  Corbett 
that  I  have  made  none.  We  operating  men,  I  think,  all  agree 
that  we  have  harmonics.  I  think  we  all  agree  that,  like  the  poor, 
the  harmonics  will  always  be  with  us.  If  we  could  get  rid  of 
them,  we  would  be  very  glad  to  do  so.  The  question  of  the 
elimination  of  harmonics,  to  my  mind,  is  purely  a  conmiercial 
one.  If  the  public  will  submit  to  paying  such  rates  for  service 
that  we  can  buy  more  expensive  machines,  then,  undoubtedly, 
the  manufacturer  can  give  us  those  machines.  But,  in  the  last 
analysis,  it  is  purely  a  commercial  proposition.  I  thoroughly 
believe  that,  for  any  reasonable  expense  we  should  endeavor  to 
eliminate  the  harmonics,  but  beyond  that  we  can  not  go,  and  the 
burden  will  be  placed  upon  the  telephone  engineers  of  finding 
some  means  of  carrying  on  their  business  with  those  higher 
harmonics  running  around  loose.  There  is  another  feature  of  the 
case  that  occurs  to  me.  We  might  have  an  alternator  designed 
that  would  be  entirely  free  from  harmonics.  We  might  have  a 
line  designed  that  would  be  entirely  free  from  harmonics,  but 
when  the  time  comes  that  we  have  to  change,  possibly,  our 
scheme  connections  (and  in  an  interconnected  network  that  is 
always  possible),  then  is  it  not  a  fact  that  our  former  computa- 
tions are  practically  of  no  value?  In  other  words,  instead  of 
operating  a  particular  generator  on  a  particular  line,  we  may  have 
to  operate  that  generator  on  a  different  line. 

W.  D.  Peaslee:  Unquestionably,  if  we  can  get  a  dollar  per 
kilowatt  for  energy  for  lighting  purposes,  we  can  generate  elec- 
tricity that  has  a  sine-wave  voltage  with  practically  no  har- 
monics, and  we  can  give  the  telephone  people  lines  with  which 
they  can  talk  from  one  end  of  the  continent  to  the  other,  and  go 
their  way  in  peace.  But  it  can  not  be  done  at  the  present  rates, 
under  the  existing  conditions.  It  is  very  pleasing  to  see  the 
difference  in  the  whole  situation  in  the  inductive  interference 
problem  a  year  ago  and  today.  The  situation  today  shows  that 
cooperation  is  starting.  At  the  present  time,  the  telephone 
people,  I  think  largely  because  of  the  eternal  dollar,  have 
''passed  the  buck"  entirely  to  the  power  people.  They  make 
the  sweeping  statement  that  all  harmonics  are  very  bad,  and 
that  they  should  be  penalized  in  proportion  to  their  frequency. 
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and,  therefore,  a  million-cycle  wave  should  be  reduced  to  absolute 
zero,  putting  the  proposition  flatly  up  to  the  power  people  in  a 
way  that  is  impossible  of  commercial  solution.  I  personally 
know  that  it  is  possible  to  take  a  telephone  line  suffering 
from  inductive  interference,  and  by  proper  tuning  methods, 
damp  out  one  at  a  time  the  3rd,  5th,  7th  and  9th  harmonics. 
I  know  that  you  can  take  a  telephone  line  and  damp  out  these 
harmonics  for  a  distance  of  70  miles,  and  do  it  successfully.  The 
telephone  people  assure  us  that  these  methods  are  not  efficient, 
and  that  it  can  not  be  done  successfully.  That  is  not  true.  I 
know  it  is  possible  to  take  a  weak  telephone  current,  and,  by 
means  of  the  audion  amplifier,  step  it  up  to  considerable  propor- 
tions. I  am  firmly  convinced  that  one  of  the  solutions  of  this 
problem  will  be  wiping  out  these  harmonics  below  the  frequency 
of  the  voice  currents,  and  if  in  doing  so,  the  attenuation  of  the 
voice  currents  is  very  great;  I  see  no  reason  why  the  audion 
amplifier  will  not  step  up  the  pure  wave,  attenuated  as  it  is, 
and  pass  it  on  again.  That  is  a  point  on  which  the  telephone 
interests  are  not  giving  us  as  much  information  as  they  should. 
There  is  no  question  that  their  laboratories  are  working  on  this 
matter,  and  that  they  have  a  great  deal  of  valuable  information, 
but  it  is  like  pulling  teeth  from  a  cross  cut  saw  to  get  any  infor- 
mation from  them. 

The  only  possible  solution  of  this  problem  is  for  the  power 
companies  and  the  manufacturers,  and  the  telephone  people  to 
get  together,  and,  to  use  a  common  expression,  lay  their  cards 
on  the  table.  In  that  way  we  can  get  the  best  solution  possible, 
and  I  look  forward  to  the  day  when  this  will  occur,  because  of  the 
immense  improvement  in  the  situation  at  present  over  a  year 
ago. 

Harris  J.  Ryan:  There  must  be  a  standard  of  wave-form. 
We  have  long  since  found  such  to  be  the  case.  In  the  standardiza- 
tion rules  of  our  Institute,  it  seems  to  me,  as  I  recollect  now, 
from  the  beginning  virtually,  there  has  been  a  standard  of  wave- 
form but,  as  pointed  out  in  the  paper  it  is  not  satisfactory  for  the 
easons  there  given. 

It  seems  to  me  well  to  take  into  account  a  few  of  the  very 
broad  elements  in  the  matter.  The  telephone  interest  is  en- 
deavoring in  a  very  strong  effort  to  transmit  fundamentals  and 
harmonics  and  to  transmit  them  faithfully.  On  the  other  hand, 
the  power  interest  would  gladly  supply  electric  energy  in  funda- 
mental form  only,  and  discard  the  harmonics.  Any,  extension  or 
amendment  of  our  present  definition  of  wave-form  should  be 
undertaken  with  great  care  because  of  the  important,  deeply 
rooted,  widely  ramifying  factors. 

R.  W.  Mastick:  In  regard  to  Mr.  Peaslee's  remarks  conce  n- 
ing  the  use  of  drainage  devices  applied  to  telephone  circuits  for 
the  purpose  of  filtering  off  the  disturbing  frequencies  and  the  use 
therewith  of  amplifying  devices  to  again  restore  the  magnitude 
of  the  voice  currents;  Dr.  Bedell  has  correctly  said  that  it  is 
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vitally  important  in  a  telephone  circuit  to  transmit  various 
frequencies  in  their  relative  proportions,  which  are  within  the 
range  of  the  disturbing  frequencies,  in  order  that  undistorted 
speech  may  result.  This  statement  in  itself  answers  Mr.  Peaslee's 
suggestion,  for  if  drainage  devices"  are  used,  certain  currents  of 
voice  frequency  which  are  identical  with  the  disturbing  frequen- 
cies will  also  be  drained  off.  Therefore,  even  though  an  amplify- 
ing device  be  used,  it  is  obvious  that  the  relative  proportion  of 
frequencies  in  the  voice  ciurent  will  not  be  the  same,  hence 
distorted  speech  will  result.  Again,  consideration  must  be  given, 
even  though  such  a  scheme  were  feasible,  to  the  number  and  com- 
plexity of  telephone  circuits  in  use,  to  which  it  would  be  necessary 
to  apply  such  a  device. 

L.  T.  Merwin:  Mr.  Mastick's  reference  was  to  some  very 
crude  experiments  that  I  had  been  carrjring  on  with  our  own 
telephone  line,  which  is  on  the  same  supports  as  our  66,000-volt 
conductors  for  a  distance  of  approximately  70  miles.  These 
experiments  consisted  of  the  shunting  out  of  the  lower  harmonics 
that  were  particularly  distressing;  so  much  so,  in  fact,  that  it 
made  the  use  of  our  own  telephone  system  for  dispatching, 
extremely  inadequate.  As  a  matter  of  fact  it  was  almost  non- 
usable  until  we  had  devised,  after  much  stumbling,  com- 
posite forms  of  shunts  that  would  effectively  shunt  out  the  3rd, 
5th  and  7th  harmonics,  and  the  9th  if  it  were  so  desired.  It  was 
remarked  that  I  did  not  find  any  harmonics  above  the  9th  that 
interfered  in  any  way  with  satisfactory  communication,  and 
that  while  talking  with  a  particular  operator  of  Swedish  national- 
ity it  was  observed  that  the  intelligibility  of  his  speech  was 
remarkably  increased.  Now  that  is  an  actual  fact,  and  it  can  be 
attested  to  by  Mr.  Peaslee  and  I  think  by  Mr.  Condit,  the  atten- 
tion of  both  of  whom  I  called  to  this  peculiar  phenomenon.  I  am 
not  in  a  position  to  say  how  my  own  voice  sounds  over  this  line. 

I  would  like  to  emphasize  a  point  brought  out  by  Mr.  Peaslee, 
that  it  will  assist  in  the  solution  of  this  problem  very  materially 
if  the  telephone  company  freely  divulge  the  results  of  their  own 
experiments  as  we  discuss  these  problems  with  them. 

Just  a  moment  more  on  the  penalizing  of  generators.  If 
transposition  is  effective  when  a  power  system  is  balanced  both 
for  transverse  and  longitudinal  induction,  and  if  the  parallelism 
is  a  simple  one,  and  by  the  means  of  these  transpositions  the 
harmonics  can  be  quenched  out  at  very  httle  cost,  why  should 
it  be  necessary  to  penalize  a  generator  if  it  produces  these  har- 
monics?   It  reduces  again  to  purely  a  commercial  problem. 

It  may  be  cheaper  in  some  instances  to  take  the  standard  form 
of  generators  as  we  now  have  them  and  by  a  small  expenditure 
entirely  eliminate  the  troubles  arising  from  inductive  interference 
through  transposition  or  other  means. 

Frederick  Bedell:  We  are  not  in  a  position  at  present  to 
adopt  a  final  exact  specification  for  a  standard  of  wave-form, 
but  with  the  material  that  is  before  us  and  with  further  study, 
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certainly  progress  should  be  made.  It  seems  that  all  are  agreed 
that  several  of  the  admittance  standards  discussed  today  are 
superior  to  the  present  deviation  standard.  Now,  whatever 
standard  is  adopted,  it  will  probably  not  have  its  nttmerical 
values  specified  in  the  first  instance  so  as  to  hold  for  all  time. 
With  experience  we  will  no  doubt  later  have  to  modify  the 
specification  of  the  standard;  the  best  we  can  do  at  present  is  to 
make  a  first  approximation,  agreed  to  by  all  as  better  than  the 
present  standard,  and  later  improve  it.  I  believe  that  a  simple 
standard  can  be  found  that  will  meet  the  need  for  practical  pur- 
poses. The  simple  standard  has  the  advantage  not  only  of 
practicability  but  from  the  psychological  standpoint  it  is  more 
desirable  than  a  composite  one.  We  know  then  what  we  have 
got,  for  by  expeirience  we  are  all  familiar  with  the  characteristics 
of  a  simple  circuit.  Even  for  those  of  you  who  are  most  accus- 
tomed to  calculations  with  involved  circuits  there  is  something 
in  a  composite  circuit  which  makes  it  indeed  difficult,  if  not  im- 
possible, to  comprehend  its  characteristics  at  a  glance.  Even  if 
ultimately  a  composite  standard  were  to  be  the  more  desirable,  I 
believe  it  would  be  unfortunate  to  adopt  it  in  the  first  instance 
and  to  try  to  swallow  it  all  at  once.  How  much  better  it  would  be 
to  put  forth  a  simple  standard  which  all  can  understand,  and  then 
later  modify  it  by  shunts  or  what  not,  should  we  so  desire.  We 
will  have  had  the  idea  of  a  volt-ampere  standard  and  a  modifica- 
tion of  that  idea  can  then  be  readily  accepted.  But  I  believe  that 
the  simple  standard  can  sufficiently  meet  the  situation  and  that 
we  should  not  try  to  get  a  law  penalizing  the  harmonics,  sup- 
posedly, with  theoretical  exactness  down  to  the  last  dot.  Such 
theoretical  exactness  would  be  difficult  to  attain  for  the  reasons 
pointed  out  here  today  to  the  effect  that  wave  form  varies 
in  different  parts  of  a  system,  and  futhermore  to  the  effect 
that  wave  form  at  the  same  point  of  a  system  varies  from  time 
to  time  with  load  conditions.  Now  these  variations  due  to  cir- 
cuit and  load  conditions,  which  vary  with  time  and  space,  are 
not  properly  to  be  charged  up  to  the  generator.  We  want  to  get 
at  a  pretty  fair  approximation  of  the  penalty  to  put  on  the  gen- 
erator, but  we  cannot  charge  it  with  all  the  idiosyncrasies  of  the 
line.  Some  of  those  who  have  been  working  on  this  subject  have 
seemingly  thought  that  there  was  some  ultimate  exact  law  which 
we  could  get  at  which  would  prescribe  the  precise  penalty  for 
this  or  that  harmonic,  and  that  we  should  make  every  effort 
to  ascertain  this  with  precision,  and  should  then  adopt  a  standard 
which  would  fit  it,  not  approximately  but  exactly.  I  believe  in 
accuracy  so  far  as  it  is  possible,  but  in  this  case  if  we  can  get  the 
general  trend  of  the  relationship  between  frequency  of  harmonics 
and  their  deleterious  effects  and  get  a  corresponding  standard 
that  is  easy  for  us  all  to  use  and  to  understand  and  to  apply,  I 
think  we  will  have  done  all  we  can  do,  at  least  for  the  present, 
and  possibly  the  results  will  st^nd  for  a  long  time.  As  several 
of  the  speakers  have  pointed  out,  it  is  a  matter  involving^the     t 

Digitized  by  VjOOQ IC 


1186  WAVE^FORM  STANDARD  [Sept.  8 

power  operator,  the  telephone  operator  and  the  mantifacturer; 
their  several  points  of  view  should  be  harmonized,  weighed  and 
balanced  and,  if  possible,  a  result  obtained  that  meets  the  views 
of  all  of  the  people  concerned  so  far  as  possible.  It  has  also  been 
pointed  out  by  several  of  the  speakers  that  it  is  an  economic 
or  conmiercial  question,  and  that  is  true.  By  paying  more  and 
more  money  you  can  obtain  better  and  better  apparatus,  and 
better  and  better  service,  and  there  again  it  is  a  question  of  weigh- 
ing and  balancing  the  importance  of  cost  versus  service.  Mr.  Curtis 
asked  a  question  as  to  whether  wave  analysis  cotdd  not  be  made 
by  an  R,  L,  C  circuit  by  varjdng  the  inductance  so  as  to  show  the 
amplitude  of  parti^ar  harmonics.  This  method  of  analysis  has 
been  carried  out  and  a  reference  on  the  subject  has  been  given  in 
the  paper.  The  method  has  been  used,  I  believe,  in  recent  in- 
vestigations by  the  Joint  Committee  on  Inductive  Interference, 
and  I  believe  has  also  been  used  in  the  laboratory  of  manufactur- 
ing companies  in  the  study  of  this  problem.  Mr.  Merwin  sug- 
gested that  the  telephone  people  should  state  definitely  the  nu- 
merical values  that  would  be  permissible  for  various  harmonics. 
This  can  hardly  be  done.  If  you  cut  a  particular  harmonic  to, 
say,  half  its  value,  it  will  improve  the  service;  if  you  cut  it  to  say, 
one-fourth  its  value  it  will  improve  the  service  still  more,  and  so 
on;  so  it  seems  no 'matter  how  good,  within  practical  limits,  you 
can  get  the  wave  form,  the  telephone  service  would  still  be  im- 
proved by  further  improvement  in  the  wave  form.  In  other 
words,  it  would  be  desirable  to  reduce  the  harmonic  from  the 
telephone  standpoint  even  beyond  the  practical  limit.  It  does 
not  seem,  therefore,  that  we  can  get  at  that  in  just  that  way. 
We  can  get  a  standard  which  approximately  gives  the  proper 
law  of  penalizing;  we  should  make  it  not  too  hard  at  first  so  it 
wont  be  an  undue  hardship  on  any  one;  then,  with  the  general 
scheme  standardized,  the  numerical  values  of  the  standard  can 
be  adjusted  little  by  little,  so  as  to  put  on  the  screws  gradually 
from  year  to  year,  so  that  they  will  not  pinch  too  much  and  yet 
will  bring  the  pressure  where  it  seems  desirable.  It  will  be  under- 
stood that,  in  the  paper  and  in  the  discussion  by  the  author  and 
by  other  persons  on  the  subcommittee  that  have  been  dealing 
with  the  subject,  neither  the  Standardization  Committee  nor  the 
Sub-committee  is  committed  in  any  way.  It  was  the  piupose  to 
have  this  open  discussion  so  as  to  bring  out  the  facts. 
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INSULATOR  FAILURES  UNDER  TRANSIENT  VOLTAGES 


BY    W.    D.    PEASLEE 

Abstract  of  Paper 

The  operation  of  a  high-voltage  transmission  line  involves 
changes  in  energy  distnbution  that  are  very  conducive  to 
high-frequency  disturbances  and  transients  of  very  steep  front. 
These  are  often  superposed  on  the  normal  frequency  voltage 
of  the  line  in  such  a  way  as  to  impose  great  stresses  on  the 
insulators. 

The  mechanism  of  failure  of  an  insulator  is  of  great  importance 
to  those  designing  and  operating  transmission  lines.  This 
paper  presents  the  results  of  recent  investigations  on  the  failure 
of  insulators  under  impact  and  combined  impact  and  normal- 
frequency  voltages.  Microphotographs  of  the  resulting  failures 
are  included. 

The  breakdown  of  a  dielectric  involves  energy  which  is  a 
time  function  and  the  importance  of  the  duration  of  the  stress 
in  determining  the  magnitude  of  the  voltage  necessary  to 
puncture  an  insulator  is  discussed. 

Due  to  the  short  duration  of  transients,  insulators  are  often 
punctured  repeatedly  by  them,  the  procelain  in  the  puncture 
solidifying  again  on  account  of  the  small  energy  involved. 
These  sealed  punctures  however  weaken  the  insulator,  lowering 
its  dielectric  -strength  materially. 

The  importance  of  the  elimination  of  air  holes  and  defects 
in  the  porcelain  is  shown. 

Some  essential  features  of  a  successful  line  insulator  are 
stated. 


Introduction 

A  PARTICULAR  dielectric  will  be  ruptured  or  broken  down 
when  the  dielectric  flux  density  exceeds  a  certain  value  and 
this  flux  concentration  lasts  for  a  finite  time.  It  is  necessary  that 
the  time  of  application  of  the  stress  be  finite,  as  any  breaking  down 
of  a  dielectric  involves  energy  which  is  a  time  function.  This 
has  been  well  shown  by  the  experiments  of  Peek*,  and  others  in 
the  study  of  corona  formation,  and  it  has  been  shown  that, 
under  transient  voltages,  the  shorter  the  time  of  application  of 
the  stress  the  greater  the  voltage  necessary  to  produce  break 
down  of  the  dielectric. 

Thus  the  breaking  down  of  porcelain  used  in  the  manufacture 
of  high-voltage  insulators  demands  the  application  of  the  $tr^s§ 
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for  a  period  of  time  great  enough  to  permit  the  accumulation 
of  sufficient  energy  to  destroy  enough  of  the  porcelain  to  punc- 
ture the  insulator,  and  the  shorter  the  time  of  application  of  the 
voltage  the  greater  will  be  the  necessary  voltage  to  produce 
break  down. 

In  a  study  of  insulator  failures  it  will,  then,  be  essential  not 
only  to  consider  the  voltage  applied  to  the  insulator  but  also 
the  duration  of  the  voltage.  If  a  transient  voltage  of  very  short 
duration  measured  in  micro-seconds  be  applied  to  a  dielectric, 
such  as  porcelain,  of  sufficient  value  to  rupture  it,  with  very 
little  power  behind  it  we  might  expect  to  find  the  porcelain  punc- 
tured, but  since  the  time  of  the  transient  is  very  short  the 
energy  involved  is  small  and  therefor  the  destructive  effect  very 
local.  Thus  we  might  expect  to  find  the  porcelain  melted  over 
a  very  small  path  and  solidifying  again  immediately  upon  the 
removal  of  the  transient  leaving  the  insulator  in  nearly  as  good 
condition  as  it  was  before  the  application  of  the  puncturing 
voltage.  However,  due  to  the  short  duration  of  the  transient 
voltage  and  the  instant  solidifying  of  the  porcelain  some  im- 
purities would  be  carried  into  the  porcelain  and  sealed  there, 
thus  weakening,  to  a  certain  extent,  the  dielectric  strength  of 
the  insulator. 

If,  however,  simultaneously  with  the  application  of  this  tran- 
sient we  should  apply  a  60-cycle  voltage  of  sufficient  value  to 
follow  the  path  which  the  transient  voltage  had  broken  through 
the  insulator,  and  with  sufficient  power  behind  it  to  keep  this 
path  in  a  molten  condition  the  power  arc  would  be  maintained 
through  this  path  and  the  insulator  destroyed. 

Whenever  a  steady  condition  of  a  circuit  containing  induc- 
tance and  capacitance  is  disturbed  there  is  set  up  an  oscillatory 
transfer  of  energy  from  the  electromagnetic  to  the  electrostatic 
fields,  or  vice  versa  with  a  concommittant  change  in  voltage  or 
current  conditions  or  both.  The  character  of  the  change  is  de- 
pendent upon  the  relation  between  the  resistance,  inductance 
and  capacitance  in  a  manner  familiar  to  all  electrical  engineers. 
In  a  high-voltage  transmission  line  we  have  the  distributed  in- 
ductance and  capacitance  of  the  line  and  lumped  inductance 
(transformers),  and  lumped  capacitance,  (lightning  arresters 
and  high-tension  transformer  windings).  These  form  a  circuit 
that  is  highly  susceptible  to  oscillations  and  responds  very 
readily  to  disturbance  of  the  steady  condition.  Thus  an  arcing 
ground  may  cause  large,  relatively  low-frequency  surges  and 
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trains  of  high-frequency  waves,  the  damping  of  which  depends 
on  the  resistance  of  the  oscillatory  circuit.  The  frequency  of 
the  oscillations  in  this  case  will  depend  on  the  inductance  and 
capacitance  of  the  oscillating  circuit,  so  on  the  location  of  the 
arcing  ground.  Thus  it  will  be  seen  that  an  arcing  ground  may 
produce  oscillations  of  widely  varying  frequency  and  varying 
in  damping  from  well  sustained  wave  trains  to  abrupt  front 
transient  impulses.  In  the  same  way  a  "  spill  over  "of  an 
insulator  or  the  charging  of  a  lightning  arrester  may  subject  a 
line  to  oscillations  of  voltage  or  current  or  both.  The  operation 
of  switches  especially  of  the  air-break  type  is  also  often  pro- 
ductive of  vicious  transients. 

Since  then  a  great  many  of  the  phenomena  attendant  upon 
the  operation  of  a  modem  transmission  line  involve  the.  super- 
position upon  the  sixty-cycle  voltage  of  transients  or  highly 
damped  high-frequency  wave  trains,  a  knowledge  of  the  effects 
of  these  transients  on  the  insulators  of  the  line  is  of  great  im- 
portance and  the  investigation  upon  which  this  paper  is  based 
was  undertaken  to  discover  if  possible  the  effect  of  these  trans- 
ients, and  from  these  effects  to  determine  advisable  precautions 
in  the  manufacture  and  use  of  high-voltage  insulators. 

It  has  been  shown  by  Ryan*,  that  the  effect  of  the  super- 
position of  a  radio-frequency  sustained  wave  train  on  an  audio- 
frequency wave  is  to  give  the  combination  a  striking  distance 
in  air  equal  to  the  sum  of  the  sparking  distances  of  the  two 
separately.  If  then  we  superpose  transient  voltages  upon  a 
normal-frequency  wave  the  stress  imposed  by  the  combination 
will  vary  between  the  limits  represented  by  the  sum  of  the  max- 
imum transient  and  maximum  60-cycle  voltages  and  their  dif- 
ference, according  to  the  part  of  the  cycle  of  the  normal  frequency 
wave  in  which  the  transient  occurs,  being  the  sum  if  a  positive 
transient  coincides  with  the  positive  maximum  of  the  sixty  cycle 
wave  and  the  difference  if  it  coincides  with  the  maximum  of  the 
negative  half  wave.  At  any  other  point  of  coincidence  the  effect 
would  be  somewhere  between  these  two  limits. 

The  probability  that  a  transient  of  known  duration  will  fall 
within  a  certain  part  of  a  60-cycle  wave  if  impressed  at  random 
on  the  wave  can  readily  be  shown  mathematically.  Using  the 
part  of  the  positive  half  of  a  60-cycle  wave  above  the  effective 
value  it  is  found  that  one  out  of  every  fifteen  million  random 

•Sustained  Radio- Frequency  High- Voltage  Discharges,  Trans.  Inst. 
Radio  Engineers,  Sept.,  1915. 
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impulses  each  consisting  of  the  positive  half  of  a  750,000-cycle 
wave  will  be  likely  to  fall  within  this  interval.  If,  when  this 
does  occur,  the  summation  of  the  two  voltages  is  sufficient  in 
amount  and  duration  to  puncture  the  insulator  the  power  arc 
wotild  be  very  likely  to  follow  the  transient,  blowing  out  the 
melted  porcelain  before  it  could  solidify,  thus  permanently 
puncturing  the  insulator.  It  will  be  readily  appreciated  however 
that  a  transmission  line  might  be  operated  for  several  years  with- 
out this  coincidence  occurring  and  further  that  it  might  occur 
very  locally  and  so  effect  only  a  few  or  even  single  insulators. 

Method 
An  insulator  of  the  type  shown  in  Fig.  1  was  selected  because 
of  the  zone  of  the  flux  concentration  in  the  plane  at  section  AB 
and  because  the  dielectric  flux  concentration  near  the  pin  in 

the  inner  petticoat  was  about  seven 
times  that  near  the  cap  in  the  outer 
petticoat.  For  the  purpose  of  the 
test  the  cement  can  be  considered  as 
a  perfect  conductor  and  the  manu- 
facturers claimed  a  specific  inductive 
^capacity  of  4.8  for  this  porcelain. 
Knowing  these  constants  the  dielec- 

„      ^    ^  -  trie  field  can  be  drawn  to  scale  and 

Fig.  1— Type  of  Insulator    ^,      j.      x-         r  xt_    i-  r  r  j 

Used  in  Tests  ^"^  direction  of  the  lines  of  force  de- 

termined as  indicated  roughly  in  the 
figure.  This  insulator,  designated  as  No.  1,  and  another  of 
somewhat  similar  design  (No.  2)  and  a  66,000-volt  triple-petti- 
coat pin  insulator  (No.  3)  were  subjected  to  a  combination  of 
a  60-cycle  50-kv.  wave  with  a  transient  highly  damped  and 
corresponding  to  one  half  of  a  750,000-cycle  wave  with  a  maxi- 
mum of  30  kv.  this  transient  applied  at  random  with  respect  to 
position  of  coincidence  with  the  60-cycle  wave. 

After  approximately  eight  million  impulses  insulators  Nos. 
1  and  3  broke  down.  Insulator  No.  2  was  then  removed  but 
punctured  under  the  attempt  to  apply  dry  flash-over  voltage, 
(96,000  volts). 

Discussion  of  Data 

Insulator  No.  1  was  then  carefully  broken  up  and  examined. 
The  zone  A  B  was  riddled  with  fine  hair-like  lines  which  under 
the  microscope  proved  to  be  tubes  of  slightly  discolored  melted 
porcelain.     The  discoloration  seemed  to  be  due  to  impurities 

Digitized  by  LjOOQ IC 


PLATt    LXA. 

A.  I.  E.  E. 

VOL.    XXXV,     1916 


[PEASLBEJ 

Fig.  2 — Fractures  from  Zone 
A-B  Insulator  No.  1.  Two  and 
One-Half  Diameters  —  Inner 
Petticoat 


(peasleeI 
Fig.  4— Ten  Diameters 


[peaslee] 
Fig.  3 — Power  Arc  Punctures  Outer  Petticoat  Insulator  No.  1 — 
Two  AND  One-Half  Diameters 
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Fig.  5 — Ten  Diameters 


[peaslee[ 
Fig.  6 — Ten  Diameters 


[peaslee] 
Fig.  7 — Ten  Diameters 
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Fig.  8 — Twenty  Diameters 


(peaslee] 
Fig  9 — Forty  Diameters 


Ipbaslbb] 
Fig.  10 — Ten  Diameters 
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carried  into  the  porcelain  by  the  puncturing  arc  and  sealed  into 
the  tube  of  melted  silica.  The  appearance  of  this  puncture  was 
very  different  from  that  caused  by  the  power  arc  as  shown  in 
Fi.s:.  3,  and  it  is  very  significant  that  while  these  fine  punctures 
were  very  numerous  in  the  zone  A  B  in  the  inner  petticoat,  there 
were  practically  none  in  the  outer  petticoat,  and  what  few  were 
found  were  not  appreciably  discolored.  Also  the  inner  petticoat 
fractured  in  what  might  almost  be  called  a  cleavage  plane 
along  this  zone  of  flux  and  puncture  concentration,  showing  that 
the  porcelain  had  been  weakened  mechanically  as  well  as 
electrically  by  these  break  downs  even  though  they  had  sealed 
up  in  time  to  prevent  the  formation  of  a  power  arc. 

Fig.  2  shows  a  surface  fractured  from  zone  A  B  magnified 
two  and  one-half  diameters  showing  the  fine  cross  lines,  each  a 
tube  of  melted  silica,  representing  a  puncture  by  a  transient 
that  has  sealed  up  preventing  the  formation  of  a  power  arc. 
This  sample  is  taken  from  the  inner  petticoat. 

Fig.  3  is  from  a  photograph  of  the  outer  petticoat  of  this 
insulator  magnified  two  and  one-half  diameters  showing  the 
two  power  punctures  that  occurred  in  it  when  the  inner  petticoat, 
weakened  by  these  impacts,  finally  ruptured.  This  photograph 
shows  very  clearly  the  marked  difference  between  the  puncture 
produced  by  a  transient  voltage  only  and  one  followed  by  a 
power  arc. 

Microscopic  studies  of  these  samples  were  extremely  valuable 
and  reveal  many  interesting  features  that  the  pictures  cannot 
show  regarding  the  mechanism  of  the  break  down  etc. 

Referring  to  the  micro-photographs,  Fig.  4  is  taken  from  the 
inner  petticoat  in  zone  ^4  B  of  insulator  No.  1  showing  the  radia- 
ting punctures  from  the  edge  of  the  specimen  nearest  the  pin. 
The  broad  white  streak  between  the  arrow  points  is  the  path  of 
the  power  arc  that  finally,  striking  through  this  weakened  zone, 
punctured  and  destroyed  the  insulator. 

Fig.  5  shows  a  portion  of  the  same  specimen  taken  along  the 
path  of  the  power  arc  further  towards  the  outside  of  the  inner 
petticoat.  The  tendency  of  the  transient  voltages  to  jump 
across  between  defects  in  the  dielectric  is  very  noticeable  here, 
and  Fig.  6,  taken  from  insulator  No.  1,  shows  this  very  well, 
as  seven  distinct  and  separate  punctures  may  be  seen  striking 
through  this  air  hole.  As  this  is  magnified  ten  diameters  the 
size  of  the  defect  can  be  appreciated  and  also  the  care  necessary 
in  the  manufacture  of  the  porcelain  to  produce  a  product  free 
from  defects  that  will  weaken  the  insulator.  Digitized  by  GoOqIc 
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Figs.  7,  8,  and  9  are  taken  from  the  same  specimen  from  in- 
stilator  No.  2  but  magnified  to  different  diameters  as  indicated. 

Pig.  10  is  taken  from  insulator  No.  3,  and  shows  very  well 
the  tendency  of  the  transient  to  seek  out  and  follow  a  series  of 
defects  in  the  porcelain.  Fig.  11  is  also  taken  from  insulator 
No.  3. 

Fig.  12  is  taken  from  the  inner  petticoat  of  insulator  No.  2 
and  shows  very  clearly  the  path  of  the  power  arc  as  well  as  the 
paths  of  the  transients. 

Further  Investigations 
It  would  seem  from  a  consideration  of  the  fundamental 
mechanism  of  dielectric  break  down  that  two  things  must  be 
avoided  to  prevent  damage  to  an  insulator;  a  concentration 
of  dielectric  flux  above  a  certain  value  and  a  finite  duration  of 
this  concentration.  This  seems  well  borne  out  by  the  data 
secured,  as  the  failures  shown  in  the  photographs  occurred  in 
the  zone  indicated  by  this  theory,  and  as  was  expected,  were 


Fig.  13  Fig.  14 

almost  entirely  confined  to  the  inner  petticoat  of  each  insulator. 
As  a  further  investigation  a  piece  of  grooved  porcelain  was 
secured  and  a  conductor  placed  in  this  groove  with  a  plate 
against  the  other  side  of  the  porcelain  opposite  the  groove. 
The  resulting  flux  distribution  is  roughly  indicated  in  Fig.  13. 
However  it  was  feared  that  the  corona  forming  on  this  conductor 
would  act  as  a  relief  valve  for  the  impact  of  the  transient,  the 
dielectrically  weaker  air  absorbing  the  shock  and  so  protecting 
the  porcelain.  Therefor  a  second  sample  was  prepared  as 
shown  in  Fig.  14  and  the  conductor  covered  with  paraffin,  the 
covering  extending  well  up  on  the  connection  to  the  conductor 
to  the  point  where  the  separation  of  the  plate  and  conductor 
would  prevent  the  formation  of  corona,  thus  forcing  the  impact 
onto  the  porcelain. 

A  third  sample  was  prepared  with  a  needle  placed  with  its 
point  against  one  side  of  a  piece  of  porcelain,  the  whole  needle 
being  imbedded  in  sealing  wax,  while  a  plate  was  placed  on  the 
other  side  of  the  test  piece. 
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Fig.  11 — Ten   Diameters 
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Fig.  12 — Ten  Diameters 
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Fig.  15 — Five  Diameters 
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Fig.  16 — Five  Diameters 
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Fig.  17 — Five  Diameters 
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These  samples  were  subjected  to  the  impact  tests  previously 
described,  except  that  in  this  test  the  transients  corresponded 
to  a  half  of  a  460,000-cycle  wave,  for  about  70  hours  with  approx- 
imately 120  impacts  per  second.  At  the  end  of  that  period 
the  samples  shown  in  Figs.  13  and  14  were  broken  along  the 
bottom  of  the  grooves  and  the  other  under  the  needle  point. 

The  sample  arranged  as  in  Fig.  13  showed  no  traces  of  punc- 
ture, while  the  one  shown  in  Fig.  14  was  liberally  sprinkled  along 
the  bottom  of  the  groove  with  the  characteristic  transient 
puncture.  In  none  of  these  test  pieces  did  the  power  arc  follow 
through  as  the  60-cycle  voltage  was  purposely  kept  low. 

Fig.  15  shows  the  puncture  found  in  the  bottom  of  the  groove 
in  test  piece  shown  in  Fig.  14,  and  Fig.  16  shows  the  puncture 
found  under  the  needle  point.  It  should  be  noted  that  in  this 
specimen  the  thickness  of  porcelain  between  the  needle  point 
and  plate  was  twice  that  between  the  conductor  and  plate  in 
Figs.  13  and  14. 

Fig.  17  is  included  as  of  interest  in  showing  the  manner  in 
which  the  transients  strike  into  the  porcelain  from  irregularities 
in  the  surface  of  the  porcelain  or  cavities  in  the  cement. 

Conclusion 
From  what  is  now  known  of  the  action  of  high  voltages  of 
normal  and  high-frequency  sustained  waves  and  of  transient 
duration,  it  is  apparent  that  the  successful  insulator  for  con- 
tinued service  in  high-voltage  transmission  lines  must  be  designed 
with  the  following  points  in  mind. 

1.  The  actual  puncture  voltage  of  the  insulator  divided  by 
the  safety  factor  desired  must  be  above  the  sum  of  the  normal 
frequency  maximum  voltage  that  will  be  encountered  in  opera- 
tion, (taking  due  account  of  relatively  low-frequency  surges), 
and  the  maximum  transient  or  sustained  high-frequency  voltage 
that  may  be  impressed  on  the  line.  If  this  is  not  done  the  in- 
sulator will  in  time  be  weakened  by  the  impact  of  these  transient 
voltages  and  ultimately  must  fail. 

2.  Points  or  zones  of  excessive  flux  concentration  must  be 
avoided.  A  careful  porportioning  must  be  undertaken  to  avoid 
the  extreme  dielectric  field  distortion  and  concentration  com- 
monly met  with  in  insulators  now  on  the  market.  Ratios  of 
flux  density  in  different  parts  of  the  field  of  eleven  to  one  have 
been  noted  in  certain  insulators  and  these  have  almost  uni* 
versally  given  trouble  in  time  on  high-voltage  lines. 

3.  The  porcelain  must  be  free  from  air  bubbles  and  defectS)OQlc 
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and  this  is  a  problem  that  must  be  met  by  the  ceramic  engineer 
before  it  is  possible  to  manufacture  reliable  insulators. 

4.  The  insulators  should  have  a  puncture  voltage  as  many 
times  the  dry  flash-over  voltage  as  the  desired  safety  factor. 
The  importance  of  this  point  is  not  always  realized  but  when  it 
is  remembered  that  there  is  a  large  time  lag  in  the  break  down  of 
air  it  will  be  realized  that  severe  impact  stresses  can  be  placed 
on  an  insulator  by  transients.  With  a  suflBciently  abrupt 
transient,  a  voltage  of  much  more  than  flash-over  may  be  im- 
pressed on  an  insulator  in  air  and  this  is  in  the  form  of  an  impact 
delivered  inside  the  insulator,  weakening  it  at  every  application. 

5.  To  avoid  placing  dielectrics  of  different  dielectric  con- 
stants in  series,  the  surface  of  the  insulator  should  follow,  in 
so  far  as  possible,  the  lines  of  force  of  the  dielectric  field. 

6.  Caps  and  metal  parts  should  be  smooth  and  of  large  radii  of 
curvature  to  make  the  corona  forming  voltage  as  high  as  possible. 
It  is  possible  to  design  an  insulator  that  will  flash  over  after  the 
manner  of  sphere-gap  break  down  without  the  formation  of  corona . 

7.  The  design  should  be  such  mechanically  as  to  keep  the 
lines  or  zones  of  mechanical  stress  removed  from  the  lines  of 
electrical  stress,  and  where  this  is  impossible  the  two  stresses 
should  be  as  nearly  as  possible  at  right  angles.  This  point  has 
been  brought  out  by  recent  study  of  the  influence  of  the  line  of 
action  of  mechanical  stress  in  porcelain  upon  the  path  of  the 
resulting  fracture. 

These  investigations  were  carried  out  in  the  high-tension 
laboratory  of  Oregon  Agricultural  College  and  the  writer  takes 
this  opportunity  to  express  his  appreciation  of  the  assistance  of 
Mr.  C.  E.  Oakes  and  Mr.  Winfield  Eckley  who  aided  him  in 
the  test,  and  Prof.  S.  H.  Graf  of  the  Department  of  Experimental 
Engineering  by  whose  courtesy  the  micro-photographs  were 
made  possible.  Grateful  acknowledgment  is  also  made  to 
Mr.  L.  T.  Merwin  for  his  very  valuable  suggestions  in  con- 
structive criticism  of  the  manuscript. 

It  is  not  felt  that  the  data  here  presented  bring  out  any 
previously  unknown  phenomena  as  this  action  has  long  been 
suspected  by  or  known  to  many  of  the  workers  in  this  field, 
but  they  are  presented  as  the  preliminary  results  of  an  extensive 
investigation  now  in  progress  on  the  subject  and  it  is  hoped 
that  a  study  of  these  photographs  will  increase  the  respect  of 
the  engineers,  who  are  designing  and  using  insulators,  for  the 
destructive  ability  of  transient  voltages. 
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Discussion  on  "Insulator  Failures  Under  Transient 
Voltages"  (Peaslee),  Seattle,  Wash.,  September  8, 
1916. 

J.  B.  Fisken:  The  author  makes  this  statement:  "The  oper- 
ation of  switches,  especially  of  the  air-break  type  is  also  often 
productive  of  vicious  transients."  My  experience  has  led  me 
to  believe  that  the  substitution  of  the  word  "sometimes"  for 
"often"  would  improve  this  paper  very  materially.  We  have 
never  seen  any  occasions,  in  our  system,  where  the  operation  of 
air-break  switches  was  serious,  and  we  have  used  them  to  quite 
a  large  extent.  I  want  to  ask  Mr.  Peaslee  whether  we  are  to 
believe  from  Fig.  1  that  the  potential  gradient  is  constant  through 
that  insulator? 

W.  D.  Peaslee:     No.     By  no  means.    About  7  to  1. 

J.  B.  Fisken:  Then,  there  would  be  portions  of  that  insulator 
where  the  flux  density  would  be  very  much  greater  than  it  is 
in  others? 

W.  D.  Peaslee:     There  were.     About  seven  to  one. 

J.  B.  Fisken:  One  of  the  most  interesting  things  in  the  paper 
is  the  time  element.  There  is  something  there  that  I,  as  an 
operating  man,  had  never  before  realized.  It  seems  that  those 
high  frequencies,  which  we  all  want  to  get  rid  of,  keep  working 
and  it  may  be  some  considerable  time  before  the  insulator  breaks 
down.  I  want  to  ask  Mr.  Peaslee  if  he  does  not  think  better  re- 
sults could  be  obtained  if  the  top  of  the  insulator  was  entirely 
covered  with  a  metallic  coating,  and  instead  of  having  the  tie 
wire  which  holds  the  high-tension  wire,  rest  on  porcelain,  it 
should  rest  on  some  portion  of  the  metallic  covering?  I  ask 
that  question  for  the  reason  that  most  of  our  punctures,  or  a 
large  number  of  the  punctures  we  find,  take  place  from  the  tie 
wire  and  not  from  the  conductor. 

Robert  Howes:  We  have  heard  a  number  of  valuable  com- 
ments upon  the  poor  quality  of  insulators.  About  fifteen  years  ago 
I  had  a  part  in  the  construction  of  the  first  transmission  line  of 
the  Washington  Water  Power  Company  to  the  Cour  d'  Alene 
District.  It  was  early  work  in  the  60,000-volt  field  and  we  were 
threatened  with  dire  consequences,  so  all  of  us  connected  with 
the  work  exhausted  our  knowledge  and  wits  to  eliminate  the 
threatened  dangers.  The  construction  in  some  features  would 
be  now  considered  obsolete,  in  others  it  is  quite  up  to  date,  and 
some  desirable  modifications  have  been  made.  Still  my  record 
shows  that  in  the  first  seven  months  of  operation  the  line  was 
out  but  a  total  of  thirty-two  minutes  except  by  previous  ar- 
rangement. Further,  I  understand  from  Mr.  Fisken,  who  has 
had  the  handling  of  that  line  in  his  department  ever  since  it  was 
put  up,  that  there  have  been  almost  no  insulator  failures  from 
electrical  causes  on  that  line. 

About  eight  years  ago  I  had  charge  of  the  designing  and  con- 
struction of  two  parallel  three-phase  lines  covering  a  distance  of 
about  sixty-five  miles  in  British  Columbia,  .the  voltage  was  about 

Digitized  by  LjOOQ IC 


1 196  INS  ULA  TOR  FA  IL  URES  [Sept.  8 

34,700  delivered  with  star  connection  and  with  neutral  grounded 
at  the  power  house.  These  lines  were  thrown  on  the  power 
house  suddenly  upon  completion  and  operated  continuously.  I 
have  never  heard  of  an  insulator  failure  except  by  mechanical 
injury.  However,  my  recent  knowledge  of  the  line  is  not  suffi- 
cient to  state  whether  any  weakening  has  developed  with  age. 

In  both  of  these  lines  the  precautions  taken  in  designing  were, 
grounded  neutrals  at  the  power  house,  lightning  arresters,  few 
in  number,  but  located  exactly  at  the  terminals  as  opposed  to 
location  near  the  terminals.  The  insulators  were  tested  to  at 
least  three  times  the  voltage  from  wire  to  ground.  In  the 
British  Columbia  line  as  I  remember  it,  each  piece  of  the  three- 
piece  insulator  was  subjected  to  about  30,000  volts.  In  fact  I 
think  the  top  piece  was  subjected  to  40,000  volts  in  actual  tests. 
And  the  assembled  parts  to  over  ninety  thousand,  the  test  be- 
ing made  between  salt  water  terminals.  In  these  lines  the  in- 
tention was  to  be  sure  that  the  insulators  had  the  same  safety 
factor  over  working  conditions  that  would  be  required  in  steel 
construction,  for  purposes  of  equal  merit.  It  seems  that  we 
should  not  place  more  confidence  in  porcelain  than  we  would  in 
steel.  Again  as  we  figure  steel  beams  on  the  stress  in  extreme 
fibers,  so  we  should  figure  insulators  on  the  stress  in  the  most 
strained  portions.  It  seems  clear  to  me  that  the  practical  solu- 
tion of  the  rotten-insulator  question  is  first  to  keep  insisting  on 
proper  safety  factors  over  the  working  voltage,  and  second,  use 
means  to  prevent  excess  voltage.  Now  in  regard  to  the  means 
of  preventing  excess  voltage  there  is  a  little  piece  of  ancient 
history  in  connection  with  the  Washington  Water  Power  Com- 
pany that  has  influenced  me  whenever  I  have  had  anything  to 
do  with  the  installation  of  lines.  Installed  in  that  power  house 
there  were  three  monocycle  generators.  The  connections  were 
as  follows:  Generator,  impedance  coil,  lightning  arrester,  bus  bar, 
line.  When  the  three  units  were  in  operation  there  were  accord- 
ingly three  lightning  arresters  at  the  power  house.  These  ma- 
chines were  operated  nominally  at  about  2300  volts.  They  had 
been  operating  for  years  without  any  serious  difficulty,  or  at 
least  for  a  considerable  period.  Under  my  direction,  we  in- 
stalled a  wattmeter  which  was  connected  by  means  of  a  two- 
circuit  current  transformer  connected  in  the  two  outside  wires  of 
the  bus  bar.  There  were  no  changes  made  in  the  lightning 
arrester  connections  whatever.  At  the  first  slight  lightning  dis- 
turbances that  could  be  noticed  one  of  the  generators  punctured 
to  ground.  This  was  cleared  up  by  the  power  house  foreman 
and  the  lightning  arresters  gone  over  thoroughly  and  the  other 
conditions  remained  as  before.  A  very  short  time  after  that  a 
second  slight  lightning  disturbance  caused  a  second  puncture  in 
the  same  place.  I  then  went  over  the  lightning  arresters  myself 
and  carefully  examined  everything  to  make  sure  that  nothing 
had  been  neglected.  But  the  next  slight  amount  of  lightning 
caused  a  third  puncture  in  the  same  place.  I  then  thought  it 
must  be  due  to  some  change  in  conditions,  and  the  only  change 
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that  had  been  made  was  the  installation  of  the  wattmeter,  so 
without  changing  anything  else  I  took  an  ordinary  air-gap  ar- 
rester and  connected  it  exactly  at  the  outside  terminals  of  the 
current  transformers,  after  which  the  machine  ran  until  it  was  put 
out  of  commission  by  disuse,  without  any  fiuther  difficulty, 
whatever.  Ever  since  that  time  I  have  positively  insisted  that 
the  lightning  arrester  connections  should  be  made  at  the  first 
material  impedance  and  exactly  at  the  terminal  of  that  impedance 
and  not  at  some  distance  away.  I  have  noticed  several  trans- 
mission lines  where  there  have  been  lightning  disturbances  in 
which  the  lightning  arrester  connections  were  made  at  some  dis- 
tance— say  at  from  fifty  to  two  hundred  feet  from  the  first 
impedance — and  those  lines  as  far  as  I  have  noted  were  lines  that 
had  trouble  from  lightning.  Now,  I  say  lightning — I  mean  any 
high-frequency  disturbance  similar  to  lightning  on  the  line — and 
it  has  been  my  experience  such  as  I  have  had  in  both  low  and 
high-tension  lines,  that  with  insulators  tested  as  above  and  the 
lightning  arrester  connection  made  exactly  at  the  impedance 
terminal  there  has  been  no  serious  trouble  from  such  disturbances. 

L.  T.  Merwin:  On  this  question  of  the  impact  of  the  higher 
transients  on  our  insulators,  I  will  confess  that  in  years  gone  by, 
when  an  insulator  failed  from  puncture  or  was  destroyed  from 
whatever  cause,  the  man  in  charge  of  the  repair  dropped  it  on 
the  ground  at  the  foot  of  the  pole  where  it  was  found  and  a  new 
one  was  substituted.  The  line  was  again  put  in  commission  and 
that  was  all  there  was  to  it.  Now,  following  experiments  that 
are  going  on  in  the  various  laboratories  of  our  institutions  of 
higher  learning,  we  are  beginning  to  know  why  these  things  have 
been  taking  place.  Very  often  it  happens  that  the  note  of  warn- 
ing has  been  sent  out  and  absolutely  disregarded.  I  feel  that 
probably  we  are  disregarding  every  day  things  to  which  we 
should  attend.  We  have  had  just  exactly  the  information  and  the 
remedies  already  voiced  if  we  would  only  listen  to  the  notes  of 
danger.  After  Mr.  Peaslee  had  shown  me  the  rough  draft  of 
this  paper  we  had  a  failure  on  our  transmission  line,  the  restdts 
of  which  you  have  all  seen  in  the  fractured  insulator  which  has 
been  shown  here  today,  and  which  absolutely  corroborates  his 
contention  in  the  paper.  Now,  Mr.  Peaslee  has  developed  the 
theory  bom  from  the  fruits  of  experimental  investigation  in  his 
laboratory,  equipped  with  apparatus  that  is  beyond  the  range  of 
the  ordinary  operating  man  to  have,  but  here  is  a  confirmation 
following  immediately  upon  the  heels  of  his  announced  results 
that  is  very  gratifying. 

Harris  J.  Ryan:  This  paper  on  instdator  failures  under  tran- 
sient voltages  has  given  us  an  intimate  and  correct  idea  of  the 
manner  i'n  which  porcelain  fails  under  electric  stress.  It  properly 
emphasizes  the  almost  instantaneous  porcelain  fusing  ability  of 
an  undue  amotmt  of  charging  current  and  the  powerfiS  character 
of  the  mechanical  blast  that  is  generated  by  an  electric  spark  in 
its  own  length.  I  heartily  endorse  most  of  the  author's  con- 
clusions, drawn  from  the  results  of  his  experiments.^  mz^JS^^Q^OqIc 
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will  continue  his  work  along  present  lines,  and  in  so  doing,  that 
he  will  employ  definitely  porous  and  non-porous  porcelain,  the 
latter  with  and  without  absorbed  moisture,  so  as  to  develop 
more  evidence  in  regard  to  the  basis  for  Mr.  Osborne's  claim  of 
yesterday,  that  porous  insulators  are  capable  of  reliable  service. 
It  is,  of  course,  conceivable  that  water-logged  porcelain  may 
endure  transient  over-voltages  pretty  well.  As  evidence  there- 
of, we  have  the  failure  of  the  oscillator  to  pick  out  defective 
insulators  when  porous  and  water  filled.  In  regard  to  sustained 
60-cycle  voltage,  the  matter  is  quite  different.  Of  that  there 
can  be  no  shadow  of  doubt.  The  great  difference  between  wet 
and  dry  porcelain  production  processes  is;  in  the  former  the 
porcelain  can  not  have  its  pore  systems  closed  by  vitrification, 
while,  in  the  latter,  it  can.  No  water-logged  porcelain  will 
endure  between  conductor  electrodes  an  ample  amount  of  sus- 
tained power  voltage  to  render  it  reliable  for  high-voltage  service. 

R.  W.  Mastick:  Mr.  Pisken  has  called  attention  to  the 
statement  in  Mr.  Peaslee's  paper  and  objected  to  it  that  "The 
operation  of  switches,  especially  of  the  air-break  type,  is  also 
often  productive  of  vicious  transients".  I  wish  to  add  some 
evidence  in  support  of  Mr.  Peaslee's  remark. 

A  few  months  ago,  it  was  my  privilege  to  conduct  an  investi- 
gation on  an  operating  power  system  of  transients  produced  by 
the  operation  of  both  oil  and  air-break  switches.  A  number  of 
observations  were  made  and  recorded  by  means  of  an  oscillo- 
graph, of  switching  operations  under  both  load  and  no-load  con- 
ditions. These  observations  were  made  both  at  the  point  of 
switching,  and  with  many  miles  of  transmission  line  intervening 
between  the  switch  and  the  point  where  the  oscillograph  was 
located. 

In  several  instances,  transients  of  a  violent  character  were 
recorded  and  the  presence  of  frequencies  of  a  high  order  definitely 
indicated.  The  transients  produced  by  oil  switches  were  not  so 
violent,  nor  as  long  sustained  as  those  produced  by  air-break 
switches. 

It  is  of  interest  to  note  that  these  observations  of  transients 
were  all  recorded  by  using  the  residual  voltages  and  currents  <rf 
the  power  system. 

J.  B.  Fisken:  I  had  two  reasons  for  making  the  statement 
that  I  did:  One  is  the  practical  reason  that  we  are  operating  air 
switches  without,  apparently,  having  any  difficulty.  My  other 
reason  was  that  some  years  ago,  we  made  a  ntimber  of  oscillo- 
graph tests  with  air  switches  and  oil  switches,  and  we  could  not 
see  that  there  was  any  material  difference.  It  is  quite  possible 
that  our  methods  of  connection  were  somewhat  crude,  and  that 
we  did  not  get  as  refined  a  test  as  Mr.  Mastick  wotdd  get,  but 
I  still  am  of  the  opinion,  Mr.  Mastick  to  the  contrary  notwith- 
standing, that  this  talk  of  the  extreme  high  frequencies  or  dis- 
turbances caused  by  air  switches,  is  not  well  taken. 

R.  M.  Boykin:  While  I  have  heard  but  little  of  the  discussion 
on  this  subject,  I  would  like  to  ask  Prof.  Ryan  what  he  considers 
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water-logged  porcelain,  or  water-logged  insulators,  and  how 
much  water  by  weight  or  volume  can  porcelain  absorb  before 
rendering  the  porcelain  useless  for  insulator  purposes. 

Harris  J^Ryan:  I  can  only  answer  that  question  in  part: 
The  porous  porcelain  referred  to  just  now  is  of  good  quality 
except  that  its  porosity  exceeds  some  low  value,  perhaps  a  tenth 
per  cent  by  volume,  just  how  much  we  do  not  know  as  yet.  An 
insulator  body  that  has  its  pores  filled  with  water  is  liable  to 
early  failure.  The  resistivity-temperature  relation  for  porce- 
lain is  negative  and  very  high,  besides  it  ceases  altogether  to  be 
an  insulator  and  becomes  an  electrolytic  conductor  at  about  300 
deg.  cent.  Thus  in  a  water  filled  porous  porcelain  body  subjected 
to  power-voltage,  the  in-phase  current  will  be  concentrated  upon 
a  narrow  route  or  core,  producing  intense  local  heat  and  puncture. 
Much  trouble  undoubtedly  has  come  from  the  fact  that  dry 
porous  porcelain  has  at  all  ordinary  temperatures  about  the 
same  high  resistivity  and  dielectric  strength  as  non-porous  porce- 
lain. It  is  here  understood  that  non-porous  porcelain  is  that, 
in  which  the  pore  systems  are  well  limited  and  in  which  they  do 
not  in  any  single  instance  extend  through  appreciable  depths  of 
the  porcelain  bodies. 

A.  A.  Miller:  I  would  like  to  ask  Prof.  Ryan  about  his 
statement  as  to  the  effect  of  temperature  upon  the  dielectric 
strength  of  the  material  of  the  insulator.  Do  I  understand  that 
he  refers  to  a  temperature  of  425  deg.  cent,  as  being  the  temper- 
ature of  the  material  along  the  path  of  the  pimcture  or  does  his 
statement  cover  general  results  of  tests  made  upon  masses  of 
porcelain  at  known  temperatures  ? 

Harris  J.  Ryan:  In  speaking  of  the  loss  of  all  dielectric 
strength  for  porcelain  at  300  deg.  cent.  I  had  reference  to  the 
results  of  C.  E.  Henderson  and  G.  O.  Weiner  which  may  be  found 
in  their  paper  on,  **  Effect  of  Temperature  on  the  Dielectric 
Strength  of  Porcelain  Insulators,"  published  in  the  Transactions 
of  the  American  Ceramic  Society,  Vol.  XIII,  p.  469,  1911. 

W.  D,  Peaslee:  With  reference  to  the  point  raised  regarding 
the  matter  of  the  air-break  switch,  I  will  explain  that  I  put  that 
point  in  for  this  reason:  While  fundamentally,  of  itself,  I  do  not 
believe  the  air-break  switch  or  the  oil-break  switch  is  responsible 
for  any  transients  of  high  or  low  frequency,  whatever,  it  is  a  fact 
that  when  connected  to  circuits  of  certain  characteristics,  they 
will  produce  transients,  and  vicious  transients.  You  can  make 
a  test  on  a  certain  circuit  with  an  air-break  switch  or  an  oil- 
break  switch,  and  show  a  man  that  there  are  no  transients,  and 
yet,  that  man,  if  he  knows  his  game,  will  make  up  other  circuits 
and  show  you  some  of  the  worst  transients  you  can  imagine. 

Mr.  Hpwes  made  a  good  point  as  to  lightning  arrester  con- 
nections. The  average  man  takes  his  lightning  arresters,  and 
connects  them  150  feet  from  his  nearest  transformers,  and  hooks 
up  an  inductance  there.  The  results  are  that  every  time  there 
is  an  arrester  discharge,  a  wave  of  approximately   two  million 
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cycles  highly  damped  goes  out  on  the  line  and  subjects  it 
to  wave  fronts  approximately  a  half  cycle  of  two  million  cycles, 
and  that  is  pretty  steep.  You  try  to  plot  a  two  million  cycle 
wave,  and  you  will  find  it  is  pretty  nearly  straight  up  and  down 
when  it  hits.  The  impact  goes  inside  the  insulator  and  tears 
into  the  porcelain  a  distance  depending  upon  the  time  and  the 
steepness  of  the  wave  front  and  maximimi  value  of  voltage. 
In  that  way,  I  think  a  great  many  of  the  lightning  arresters,  as 
they  are  connected  up,  are  a  menace  to  the  lines  to  which  they 
are  connected.  I  think  they  are  certainly  a  menace  to  the  tele- 
phone lines  along  side  of  them.  Now,  referring  to  the  matter  of 
air-break  and  oil-break  switches,  the  air-break  switch  has,  I 
think,  more  tendency  to  cause  oscillation  for  this  reason:  The 
oil  switches  operate  on  a  few  cycles,  while  the  air  switch  sweeps 
away  out,  and  there  is  a  great  deal  more  chance  in  that  time  for 
one  current  to  break  before  the  others.  If  that  happens,  your 
lightning  arresters  may  operate  on  double  voltage,  a  two-mil- 
lion-cycle wave  will  rush  out  on  the  line  and  into  the  first  insu- 
lator it  happens  to  catch  in  a  bad  place.  That  is  the  reason  I 
brought  in  the  question  of  the  air-break  switch.  It  is  not  funda- 
mentally a  question  of  the  switch.  It  is  a  question  of  the  ten- 
dency to  transients  in  certain  circuits  to  which  it  is  connected. 
It  is  not  so  much  a  question  of  the  air-break  or  oil-break  switch 
as  it  is  the  circuit  to  which  it  is  connected,  and  the  method  by 
which  it  is  connected.  I  think  Mr.  Howe's  point  as  to  the  manner 
of  connecting  up  the  lightning  arresters  is  very  valuable,  and  I 
know  a  great  many  of  the  lines  I  have  investigated  present  a 
situation  such  as  he  described.  In  one  line  I  know  of  in  the 
Northwest,  every  time  they  charge  a  lightning  arrester  at  one 
end  of  the  line,  the  transient  impulse  will  jtunp  seven  turns  on 
the  inductance  at  the  other  end  of  the  line,  and  the  men  will 
stand  aroimd  and  say  "they  are  charging  down  at  the  other 
end  of  the  line."  That  cotdd  be  stopped  completely  by  changing 
the  connection  of  the  lightning  arrester,  so  that  there  wotdd  not 
be  a  circuit  there  oscillating  at  that  frequency  everytime  the 
lightning  arrester  was  discharged.  Now,  as  to  the  matter  of  flxix 
concentration,  that  particular  insulator  shown  in  Fig.  1,  was 
chosen  because  the  variation  in  flux  concentration  was  seven  to 
one.  Take  the  analogy  of  the  beam.  Part  of  the  porcelain  was 
working  at  maximum  stress,  and  that  was  the  part  on  which  the 
whole  thing  depended.  If  you  cotdd  have  kept  your  wires  as 
far  from  this  inner  petticoat,  as  they  were  with  the  outer  petti- 
coat on,  you  could  just  as  well  have  done  without  using  the  outer 
petticoat,  because  it  was  not  doing  anj^hing. 

As  to  the  matter  of  metal  coating,  which  was  suggested.  I 
have  found  a  transient  puncture  on  the  insulator  taken  off  the 
high  line,  wherein  I  imagine  the  end  of  the  tie  wire  was  struck 
against  the  insulator  and  probably  struck  the  glaze.  I  think  it 
would  be  an  extremely  valuable  point  if  a  complete  metal  cap 
could  be  put  over  the  top  of  the  insulator. 

The  question  was  brought  up  as  to  a  gr^t  nj^i^of  these 
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insulators  being  out  on  the  line  a  long  time  and  failing  mechan- 
ically, but  not  electrically.  When  we  took  one  insulator  off  the 
line,  we  took  the  petticoat  out  intact  and  split  it,  and  took  hold 
of  it,  and  just  broke  a  ring  right  out  of  it  at  that  zone  of  flux 
concentration.  You  could  break  it  with  your  fingers!  I  think 
a  great  many  of  the  difficulties  we  have  with  our  insulators  are 
due  to  that  point  of  flux  concentration.  There  are  two  different 
forms  of  po  celain  in  that  zone,  so  it  is  bound  to  weaken  the 
instdator  mechanically.  The  protection  against  high  voltage  is 
another  problem  that  sounds  easy.  Mr.  Howe's  suggestion  is  a 
good  one,  but  here  is  the  trouble:  You  take  a  horn  gap  and  put 
it  up  on  the  line,  and  if  you  put  steep  wave  fronts  on  it,  they 
may  never  pas;  across  it.  An  ordinary  horn  gap  will  not  pass 
certain  transients.  A  needle  gap  probably  will  not  pass  one  of 
a  higher  frequency  than  half  of  a  100,000-cycle  wave.  I  think 
the  ult  mate  solution  will  be  found  in  the  equipment  which  will 
be  used  this  winter  in  a  couple  of  places — as  experiments — ^a 
sphere-gap  horn  gap.  That  is,  the  gap  will  be  a  sphere  ^gap, 
passing  any  transients,  but  you  will  still  have  the  old  horns. 
Unquestionably,  there  are  transients,  sustained  waves,  or  damped 
waves  that  go  right  by  our  lightning  arrester  horn  gaps,  and 
those  get  into  our  machines.  For  instance,  there  is  the  case  I 
spoke  to  you  of,  where  the  inductance  turns  are  jumped  by  the 
transient.  It  goes  by  the  horn  gaps  and  jumps  seven  turns  on 
the  inductance,  because  of  the  sudden  banking  up  of  wave  by 
the  inductance,  so  it  is  pretty  clearly  proved  that  you  can  get  a 
condition  of  that  kind. 

Prof.  Ryan  spoke  of  the  fact  that  we  should  have  non-porous 
porcelain.  I  may  be  pessimistic  in  that  regard,  but  I  do  not  . 
believe  that  non-porous  porcelain  can  be  made.  Consider  for  a 
moment  the  value :  A  tenth  of  one  per  cent  porosity  renders  an 
insulator  worthless  after  it  has  been  soaked  a  while,  and  a  tenth 
of  one  per  cent  porosity  is  a  pretty  small  margin  to  work  to. 
You  may  be  able  to  make  such  porcelain  in  the  laboratory,  with 
a  vacuum  furnace,  but  when  you  come  to  manufacture  insulators 
in  car  load  lots,  it  is  a  pretty  close  limit  to  work  to. 

In  the  matter  of  the  punctures  in  the  porcelain,  some  gojhalf  way 
through  the  porcelain  and  stop.  That  is,  their  time  of  duration 
at  maximum  voltage  was  not  great  enough  to  get  clear  through. 
Under  the  microscope,  following  these  out  one  by  one,  you  will 
very  often  find  a  puncture  going  in,  then,  there  will  be  a  branch. 
Now,  whether  or  not  that  forked  branch  occurred  with  the  first 
impulse,  or  whether  the  next  impulse  caught  it  and  followed  it 
along,  and  then  broke  off,  I  don't  know.  Now,  enough  of  these 
minute  punctures  finally  occur  so  that  the  combination  of  punc- 
tures brings  about  disintegration  which  reduces  the  resistance  of 
that  path  until  the  power  voltage  passes  through.  I  do  not 
believe,  from  my  investigation,  that  the  conconwnittant  occur- 
rence of  the  power  peak  and  the  transients,  is  necessary  for 
puncture.  I  believe  that  the  transients  will  keep  coming  until 
you  get  a  voltage  that  will  break  through.     Insulator  No.  3>oqIc 
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mentioned  in  the  paper,  was  taken  off  the  line  after  insulators 
Nos.  1  and  2  were  punctured.  We  took  it  off  the  line  and  it 
punctured  under  the  flash-over  voltage  that  it  had  successfully 
withstood  before.  It  was  a  good  sixty-cycle  wave,  with  a  100- 
kilowatt  transformer  behind  it.  A  100-kilowatt  transformer 
does  not  surge  on  one  insulator.  That  insulator,  on  a  60-cycle 
wave,  with  a  100-kilowatt  transformer,  pimctured  under  the 
flash-over  voltage,  indicating  that  it  had  been  weakened  mater- 
ially by  the  impact  of  these  transients.  So,  a  voltage  lower  than 
normal  operating  voltage  punctured  the  insulator. 

With  reference  to  Mr.  Merwin's  remarks  about  co-operation. 
It  is  a  little  discouraging  to  a  man  in  a  University  with  a  labor- 
atory at  his  command  to  sit  down  and  go  into  a  thing,  and  then 
go  out  and  tell  an  operating  man  that  a  condition  exists  in  which 
he  will  get  such  a  result,  and  have  that  man  laugh  at  you,  and 
then  about  six  months  later,  that  man  comes  to  you,  and  says 
*  I  have  had  such  and  such  a  thing  happen  on  my  transmission 
line.  What  is  the  matter"  ?  And  it  does  not  make  him  feel  any 
better  to  have  you  tell  him  that  six  months  or  a  year  before,  you 
had  told  him  that  that  very  thing  was  going  to  happen.  It  is 
my  experience  that  it  is  very  seldom  that  a  man  from  a  Uni- 
versity laboratory  can  go  to  a  power  man  and  get  any  co-oper- 
ation in  making  any  tests  on  a  power  Hne.  We  would  appreciate 
a  little  more  of  Mr.  Merwin's  spirit  of  co-operation  in  our 
work  in  the  laboratory. 

E.  E.  F.  Creighton  (communicated  after  adjournment) :  Mr. 
Peaslee  has  undertaken  research  work  in  one  of  the  most  im- 
portant subjects  in  transmission  engineering  today.  There  is 
.great  need  of  more  investigators  in  this  subject  and  to  get  definite 
results  it  seems  necessary  for  the  investigator  to  enter  the  field 
of  ceramics.  Personally  I  have  come  to  the  conclusion  that 
electrical  testing  alone  will  give  comparatively  little  data  of 
value. 

Mr.  Peaslee's  photographs  are  interesting  and  I  find  myself  in 
agreement  in  general  with  his  conclusions.  It  is  desirable  that 
all  the  workers  in  this  line  come  to  a  common  agreement  and 
language  and  with  this  in  view  I  should  like  to  ask  questions 
about  certain  features  of  the  work. 

Taking  the  subject  in  the  order  of  the  reading — I  find  that 
certain  mathematical  calculations  give  one  impulse  in  15,000,000 
random  impulses  within  that  part  of  a  half-cycle  of  the  60-cycle 
wave,  which  is  above  the  effective  value.  I  have  been  unable 
to  arrive  at  the  same  conclusions.  For  example,  the  potential 
of  the  wave  is  above  the  effective  value  from  45  deg.  to  135  deg. 
or  90  deg.  of  the  time.  Therefore,  random  shots  should  fall, 
one  in  every  four,  within  the  range  designated,  since  the  ratio  of 
time  is  90  deg.  to  360  deg.  total.  Such  random  shots  could  be 
obtained  only  by  using  a  separate  source  of  a-c.  potential.  If 
the  same  source  of  a-c.  potential  is  used  the  shots  will  not  be  at 
random  but  should  b^  located  at  a  fairly  definite  point  Qf  the 
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Referring  to  the  notes  under  method,  I  should  like  to  inquire 
if  the  regular  60-cycle  tests  were  made  on  these  insulators  before 
the  high-frequency  impulses  were  applied;  also  if  the  ohmic  re- 
sistance of  each  skirt  was  taken. 

In  the  discussion  on  the  failure  of  Insulator  No.  1  Mr.  Peaslee 
touches  on  a  subject  in  which  many  tests  have  been  made. 
Back  of  all  these  tests  is  the  question  which  has  been  raised  re- 
peatedly in  the  past  few  years — what  constitutes  a  fair  test  on 
an  insulator  and  when  does  the  test  damage  good  porcelain? 
If  the  porcelain  used  in  Mr.  Peaslee's  tests  was  good  then  the 
very  mild  test  was  too  severe.  I  have  made  numerous  tests 
which  show  that  this  impulse  test  was  too  mild  to  give  a  satis- 
factory test  for  porcelain  insulators  and  therefore  the  tests  show, 
unmistakably,  a  poor  grade  or  defective  porcelain. 

In  tests  on  insulators  similar  to  Fig.  1,  giving  the  fan-shape 
discharges,  as  shown  in  Fig.  2,  it  has  been  determined  that  the 
inner  skirt  was  cracked  either  before  the  test  or  by  the  test,  and 
that  the  discharges  leaving  permanent  traces  of  their  paths  on 
the  broken  surfaces  of  the  inner  porcelain  are  due  to  the  currents 
which  pass  through  the  inner  slart  and  charge  up  the  condenser 
formed  by  the  outer  skirt.  If  both  skirts  are  punctured,  30  kv. 
of  potential  would  surely  maintain  an  arc  through  the  tiniest  pos- 
sible puncture  hole.  The  cturent  flowing  through  the  inner  skirt 
to  charge  up  the  outer  skirt  as  a  condenser  is  of  the  order  of  15 
amperes  effective,  the  calculation  being  made  for  a  damped  wave 
of  750,000-cycles  frequency,  a  voltage  of  80  kv.,  and  a  capaci- 
tance of  40  micro-  microfarads.  As  to  the  cause  of  the  fan-shape 
discharge — I  have  come  to  the  conclusion  that  it  is  due,  not  to  the 
sealing  up  of  the  path,  but  to  the  lowering  of  the  resistance  of 
the  path.  Assimiing  that  there  is  a  crack  existing  initially,  the 
first  disruptive  discharge  will  pass  through  the  air  in  the  crack 
from  one  surface  of  the  porcelain  to  the  other  and  repeated  dis- 
charges in  this  path  will  heat  the  porcelain  to  a  -temperature  of 
partial  conduction.  In  other  words,  this  becomes  a  high  re- 
sistance path.  When  the  next  discharge  attempts  to  pass 
through  this  resistance  the  IR  drop  is  sufficient  to  maintain  full 
potential  and  therefore  the  discharge  will  take  place  through  an 
adjacent  path  where  it  has  free  air  to  ionize.  It  will  follow  this 
adjacent  path  until  it  has  heated  it  to  a  condition  of  partial 
conduction  and  then  choose  a  new  path.  Each  tmie  there  is  a 
sufficient  sealing  up  at  the.  point  of  discharge  and  also  sufficient 
opening  up  of  the  crack  to  make  a  new  path  desirable. 

As  a  proof  of  this  theory,  two  electrodes  across  which  a  dis- 
ruptive discharge  takes  place  may  have  a  high  resistance  rod  or 
^  pencil  placed  across  the  gap  and  the  disruptive  discharge  will 
refuse  to  follow  the  path  of  the  resistance  material,  but  will 
jump  straight  from  surface  to  surface  through  the  air. 

If  porcelain  punctures  without  a  crack  it  is  not  difficult  to 
permanently  reseal  it  if  the  proper  precautions  are  taken.  If 
liquids  can  be  used  as  electrodes  it  is  possible  to  avoid  carrying 
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carbon  or  metal  vapors  into  the  discharge  path  and  thereby 
destroying  the  insulation  af  er  the  spot  has  cooled.  A  porcelain 
cup  set  in  water  and  filled  about  a  quarter  full  was  punctured 
half  a  dozen  times  with  an  oscillator,  leaving  the  discharge  on 
about  5  seconds  after  each  puncture.  The  pimcture  hole  filled 
up  with  clear-colored  glass  and  was  subsequently  stronger  than 
the  rest  of  the  porcelain. 

In  endeavoring  in  single  pieces  of  porcelain  like  a  suspension 
insulator  to  observe  the  deterioration  which  may  take  place 
from  disruptive  discharges  at  reasonable  potentials  applied  over 
long  periods  of  time,  insurmountable  difficulties  seem  to  be  en- 
countered in  determining  the  progress  of  the  pimcture.  My 
experience  has  been  that  when  an  insulator  punctures  I  have 
fotmd  unmistakable  defects  which  caused  the  pimcture.  For 
example,  a  definite  air  bubble  or  lamination  due  to  defective 
pugging  of  the  plastic  porcelain  is  most  frequently  the  cause. 
Or  it  may  be  due  to  a  fold  in  the  porcelain  while  it  is  being  jig- 
gered. Or  it  may  be  due  to  an  excess  pressure  of  a  tool  which 
squeezed  out  the  moisture  along  a  sharp  comer  which  subse- 
quently developed  into  a  partial  fault  in  drying  and  was  not 
fully  vitrified  later  in  the  kiln.  Or  if  the  kiln  is  accidently 
tmder-fired,  every  piece  may  be  more  or  less  porous  and  therefore 
defective  in  proportion  to  its  porosity. 

Theoretically  it  should  be  possible  to  use  the  difference  in 
potential  gradient  of  the  inner  surface  and  outer  surface  of  the 
porcelain  to  determine,  by  means  of  damage  to  the  inner  stirface 
by  corona,  when  the  test  becomes  too  severe  for  good  porcelain. 
Practically  satisfactory  results  have  not  been  obtained  due  to 
defects  in  the  porcelain.  After  an  endurance  test  of  many 
minutes  or  even  several  hours  which  has  caused  a  puncture,  the 
porcelain  cap  has  been  sawed  off  and  the  porcelain  surfaces  ex- 
posed to  examination.  Very  rarely  are  other  scars  on  the  rest 
of  the  surface  -found  even  with  a  microscope.  Such  scars,  indi- 
cating the  possible  beginning  of  puncture,  have  been  foimd  as 
frequently  on  the  outer  siuiace  of  the  porcelain  as  the  inner 
surface.  Since  the  potential  gradient  on  the  outer  stirface  is 
only  a  fraction  of  the  value  at  the  inner  surface  these  scars  in- 
dicate defective  porcelain.  Once,  in  grinding  off  a  scar  with  a 
carborundum  wheel  a  bubble  in  the  porcelain  was  uncovered  at 
a  greater  depth  than  the  scar.  The  corona  was  burning  its  way 
into  the  bubble. 

Damage  to  good  porcelain  can  easily  be  done  by  carrying  the 
potential  gradient  above  its  safe  value,  but  such  a  gradient 
could  not  exist  on  the  inner  surface  of  a  porcelain  insidator  at 
80  kv.  with  its  diameter  of  1 J  in.  or  more.  Therefore,  I^ 
have  been  led  to  the  conclusion  that  with  most  of  the  latest  de- 
sign of  insulators  the  trouble  is  due,  not  to  the  design  so  much 
as  to  defective  porcelain,  which  brings  the  problem  back  to  the 
ceramic  engineer.  I  feel  we  can  make  very  little  further  progress 
on  the  electrical  side  imtil  porcelains  of  reliable  qualities  can  be 
reproduced.  ^  i 
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A  test  was  recently  made  in  an  endeavor  to  determine  if 
single  imptdses  were  not  more  severe  on  the  porcelain  than  os- 
cillatory discharges.  Several  million  discharges  of  the  damped 
wave  at  200,000  cycles  were  made  on  a  suspension  instdator 
immersed  in  oil.  The  voltage  was  80  kv.  for  part  of  the  test 
and  100  kv.  for  more  than  two  hours  of  continual  discharge  at 
120  per  second.  The  porcelain  was  not  punctured.  It  was 
subsequently  broken  up  but  no  damage  whatsoever  could  be 
noted  on  its  stirfaces.  This  porcelain  happened  to  be  perfectly 
made.  There  were  no  bubbles  or  laminations  in  any  of  the 
broken  pieces  and  it  was  extremely  strong  mechanically  n  re- 
sisting the  blows  of  the  hammer. 

W.  D.  Peaslee:  Referring  to  Mr.  Creighton's  remarks,  I  am 
very  glad  that  he  has  called  to  my  attention  the  error  in  the 
paper  regarding  the  number  of  random  impulses  occurring  within 
that  part  of  a  half  cycle  of  the  60-cycle  wave  which  is  above  the 
effective  value.  This  statement  should  read  as  follows,  "Using 
the  part  of  the  750,000-cycle  positive  half-wave  transient  above 
the  effective  value,  one  out  of  every  1,500,000  such  random 
impulses  will  fall  on  the  crest  of  the  60-cycle  positive  half -wave." 

The  regular  60-cycle  tests  were  made  on  these  insulators  before 
the  high-frequency  impulses  were  applied  but  the  ohmic  resis- 
tance of  each  skirt  was  not  taken  as  our  megger  was  out  of  com- 
mission at  that  time. 

I  do  not  believe  that  Mr.  Creighton's  explanation  of  the  fan 
shaped  discharge  lines  is  the  correct  one  for  all  cases  as  I  have 
found  a  decided  difference  in  character  of  these  lines  when  they 
are  formed  by  the  discharges  through  a  previously  existing  crack 
and  when  they  are  formed  by  transients  puncturing  the  un- 
cracked  porcelain.  In  the  latter  case  an  examination  of  these 
discharge  paths  will  show  a  complete  tube  of  melted  silica  with- 
out evidence  of  a  previously  existing  crack,  while  a  discharge 
through  a  previously  existing  crack  is  more  likely  to  show  a 
groove  nature,  although  the  heat  of  the  discharge  may  later  fuse 
the  sides  of  the  groove  in  such  a  way  that  a  microscopic  examina- 
tion is  necessary  to  detect  the  difference.  Grooves  of  this  kind 
have  been  found  with  partially  fused  fragments,  microscopic  in 
size,  almost  entirely  filling  them.  Referring  to  Fig.  14,  when  the 
conductor  was  removed  from  this  groove  there  was  not  the 
slightest  indication  of  a  crack,  though  under  the  microscope  it 
was  possible  to  detect  the  entrance  points  of  the  punctures. 
The  porcelain  fractured  very  easily  along  the  bottom  of  the 
groove  and  the  discharge  paths  shown  in  Fig.  15  consisted  of 
tubes  of  fused  quartz  glass. 

I  believe  with  Mr.  Creighton  that  the  problem  is  essentially 
one  for  the  ceramic  engineer,  but  do  feel  that  electrical  tests  must 
always  be  the  criterion  by  which  insulators  are  to  be  accepted  or 
rejected.  Their  duty  is  electrical  and  their  fitness  for  such  duty 
must,  I  think,  be  determined  by  electrical  tests. 
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Abstract  of  Paper 

The  object  of  this  paper  is  to  show  the  importance  of  properly 
designing  an  underground  distribution  system  for  the  district 
it  serves  and  the  particular  service  it  is  to  supply.  Simply  plac- 
ing the  wires  underground  does  not  constitute  an  efficient 
system. 

Underground  distribution  is  the  ultimate  solution  of  the  distri- 
bution problem  that  confronts  every  Electric  Light  and  Power 
company  operating  in  prggressive  towns  and  cities.  The  exces- 
sive cost  of  this  class  of  construction,  as  compared  with  aerial 
construction,  and  the  permanent  nature  of  the  system,  warrant 
a  careful  study  of  the  conditions  and  justifies  a  reasonable 
expense  in  the  development  of  suitable  plans  for  the  system. 

The  financial  success  of  an  electrical  undertaking  depends  on 
supplying  efficient  and  reliable  service  in  an  economical  man- 
ner, and  in  order  to  secure  this  result  the  distribution  system  must 
be  carefully  designed  and  properly  installed. 

The  automatic  substation,  when  perfected  and  adopted,  will 
not  only  permit  a  great  reduction  in  the  number  of  ducts 
required  and  a  lower  first  cost,  but  will  provide  more  reliable 
service  and  bring  underground  distribution  within  the  reach 
of  many  small  companies  where  the  cost  of  this  class  of  service 
would  not  be  warranted  under  the  former  conditions. 

The  suggestions  offered  in  this  paper  are  based  on  many  years 
experience  and  are  made  with  a  sincere  desire  to  aid  those 
interested  in  this  class  of  work,  particularly  in  the  design  and 
installation  of  the  first  system  in  the  smaller  cities. 


THE  FOLLOWING  facts  and  suggestions  are  based  on  many 
years  experience  with  underground  distribution  systems, 
and  are  stated  in  the  following  article  with  the  intention  of 
showing  the  importance  of  careful  and  intelligent  design  as  re- 
lated, not  only  to  the  first  cost,  but  to  the  economical  operation 
and  ultimate  value  of  the  completed  system. 

An  inspection  of  many  systems  has  made  it  evident  to  the 
writer  that  improper  design  is  responsible  for  more  faults  than 
is  poor  construction,  and  it  is  with  a  sincere  desire  to  aid  others 
interested  in  this  work,  to  avoid  such  mistakes  in  the  future, 
that  these  suggestions  are  offered. 
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No  two  systems  are  entirely  alike,  and  the  conditions  are 
different  in  every  place;  it  is,  therefore,  impossible  to  formulate 
any  definite  rules  that  will  apply  under  all  conditions.  The 
engineer  must  be  guided  by  good  judgment,  based  on  experience, 
and  a  thorough  study  of  the  conditions  in  order  to  secure  satis- 
factory results. 

Owing  to  the  increasing  demand  for  -electrical  energy,  and  the 
serious  objection  to  the  unsightly  and  dangerous  overhead 
wires  and  poles,  underground  systems  of  distribution  have 
become  a  necessity  in  many  places  where  the  expense  of  this 
class  of  service  would  not  have  been  considered  warranted  under 
former  conditions. 

Underground  distribution  is  very  expensive,  as  compared 
with  overhead  construction,  and  in  many  cases,  partictdarly 
in  the  smaller  cities,  the  first  cost  is  of  vital  importance;  a  care- 
fully worked  out  design  is  therefore  necessary  in  order  to  derive 
the  greatest  benefit  from  the  money  expended.  Many  of  the 
present  systems  have  not  been  designed  with  the  care,  and 
attention  to  detail,  that  their  importance  deserves  and  frequently 
the  cost  of  the  system  has  been  entirely  out  of  proportion  to 
its  ultimate  value. 

The  first  installation  of  an  underground  system  is  made  neces- 
sary by  an  order  of  the  city  authorities  compelling  the  removal 
of  poles  and  wires  from  certain  sections  of  the  city  or  by  the 
desire  of  the  operating  company  to  improve  the  service  and 
secure  greater  facilities  in  a  district  where  the  demand  for  light 
and  power  has  reached  a  point  that  this  class  of  service  is  war- 
ranted. 

In  either  of  the  above  cases,  and  in  fact,  practically  in  all 
cases  in  this  country,  underground  systems  are  never  installed 
until  long  after  the  district  has  been  supplied  by  an  overhead 
system.  As  a  general  rule,  all  overhead  systems  are  the  result 
of  a  series  of  extensions  and  changes,  rather  than  the  develop- 
ment of  any  systematic  plan  of  distribution,  and  are  seldom 
based  on  efficient  or  economical  methods. 

If  it  were  possible  to  design  and  install  an  underground  system 
at  the  start  of  an  electrical  undertaking  the  problem  would  be 
much  simplified,  as  the  station  and  consumers  equipment  could 
be  selected,  and  the  whole  system  designed  for  the  most  effi- 
cient restdts.  Unfortunately  the  conditions  are  never  so  favor- 
able, and  the  distribution  engineer  is  confronted  with  many 
conditions  over  which  he  has  no  control,  but  must  consider  in 
making  his  plans.  Digitized  by  LjOOQ Ic 
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Distribution  problems  are,  therefore,  usually  very  complex 
and  permit  of  several  methods  of  being  solved.  It  is  only  by 
a  careful  study  of  the  conditions  and  foresight  as  to  the  future 
requirements  of  tht  system  that  a  satisfactory,  economical  and 
efficient  design  can  be  developed. 

The  conditions  under  which  underground  cables  and  equip- 
ment operate  are  more  severe  than  on  overhead  systems,  and 
a  thorough  knowledge  of  these  conditions  is  absolutely  neces- 
sary, and  must  be  kept  in  mind,  in  selecting  cables  and  equip- 
ment and  designing  the  conduit  system  for  their  installation. 
Overhead  wires  can  be,  and  frequently  are,  operated  far  above 
their  rated  capacity,  without  any  serious  danger,  but  under- 
ground cables  and  equipment  must  be  operated  within  certain 
definite  limits  in  order  to  avoid  serious  damage,  if  not  total 
destruction. 

Economy  of  distribution  is  equally  as  important  as  economy 
in  production,  particularly  at  the  present  time,  when  practically 
all  public  utility  companies  are  regulated,  to  a  greater  or  less 
extent,  by  state  or  municipal  commissions.  First  cost  is  not, 
therefore  the  only  factor  that  should  be  considered,  as  economical 
operation  and  reliability  of  service  are  equally  as  important  in 
the  financial  success  and  growth  of  the  business. 

Except  in  the  large  companies,  there  is  probably  no  branch 
of  the  business  that  has  been  given  less  thought  and  study  than 
underground  work;  in  many  cases  the  principal  object  evidently 
has  been  to  get  the  wires  out  of  sight  at  the  least  possible  ex- 
pense, with  no  attempt  being  made  to  improve  the  system  of 
distribution  and  little  or  no  regard  for  the  future  development 
of  this  class  of  service. 

The  operation  of  an  underground  system,  when  properly 
designed,  installed,  and  maintained  guarantees  the  most  reliable 
and  efficient  service  of  any  method  of  distribution  ever  employed; 
the  financial  benefit,  directly  due  to  this  class  of  service  is,  in 
many  cases,  a  proof  of  the  wisdom  of  its  installation. 

While  it  is  admitted  that  underground  systems  are  expensive 
to  install,  still  it  must  be  remembered  that  a  conduit  system  is 
a  permanent  structure,  has  little  or  no  depreciation;  on  the 
contrary  it  will  increase  in  value  as  the  importance  of  the  section 
it  serves  is  developed.  Considering  the  first  cost,  permanent 
nature  of  the  undertaking,  and  importance  of  economical  and 
reliable  service,  it  is  advisable  to  make  ^  thorough  study  of  the 
conditions  and  future  requirements  of  the  service  on  which  to 
base  a  design  of  the  proposed  system.  digitized  by  GoOglc 
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In  designing  an  underground  distribution  system  there  is  one 
important  fact  that  must  always  be  considered — the  system 
should  be  designed  to  serve  the  entire  district  that  can  reason- 
ably be  expected  to  ever  require  this  class  of  service.  Such  a 
design  permits  of  a  systematic  scheme  being  developed  for  the 
whole  district,  uniform  methods  of  construction,  and  standard- 
ization of  equipment. 

If  this  method  is  followed  it  is  then  possible  to  install  any 
section,  from  time  to  time  as  the  service  demands,  and  each  com- 
pleted section  will  form  a  part  of  the  whole  general  scheme  and 
eventually  develop  into  a  system  rather  than  a  collection  of  more 
or  less  useful  sections  of  conduit. 
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It  is  not  the  object  of  this  article  to  show  each  step  in  the 
design  of  any  particular  system  but  rather  to  point  out  certain 
important  features  to  be  kept  in  mind  and  offer  suggestions  as 
to  the  general  method  to  be  adopted;  it  is  only  by  a  thorough 
study  of  each  case  that  the  best  methods  can  be  determined. 

The  first  step  in  designing  an  underground  distribution  system 
is  to  secure  an  accurate  load  record  for  each  consumer  in  the 
proposed  underground  district.  This  record  should  be  kept  on 
cards  similar  to  Fig.  1 ;  where  there  is  a  large  power  load  in  the 
district  it  is  advisable  to  make  separate  records  for  the  lighting 
and  power  loads,  using,  different  colored  cards  for  each  record. 

The  card  shown  in  Fig.  1  is  simply  a  sample,  and  the  b^t 

Digitized  by  LjOOQ IC 


19161         NEWTON:    UNDERGROUND   DISTRIBUTION  1211 

arrangement  of  the  inventory  on  the  cai-ds  will  depend  on  the 
requirements  of  each  particular  system. 

The  reverse  side  of  the  cards  can  be  used  for  showing  the 
number  and  location  of  the  transformer  supplying  the  service 
lateral,  consumers  fuse  box  and  other  information  connected 
with  each  consumers  service. 

These  cards  if  properly  corrected  will  form  a  permanent  record 
of  great  value  in  making  future  changes  and  balancing  the  load 
on  the  distribution  system. 

The  men  securing  the  load  record  should  be  provided  with 
paper  pads  printed  the  same  as  the  cards  and  the  permanent 
card  record  can  be  made  in  the  office  from  these  slips  and  the 
cards  be  kept  clean  and  neat. 

A  careful  inspection  should  be  made  of  each  building  to  de- 
termine the  most  suitable  location  for  the  new  underground 
lateral  in  order  to  reduce  the  cost  of  changing  the  inside  wiring 
as  much  as  possible.  Except  in  the  case  of  very  heavy  loads  or 
consumers  where  emergency  service  must  be  provided  for,  it 
is  advisable  to  supply  all  of  the  consumers  in  a  building  from  one 
lighting  and  one  power  lateral,  this  reduces  the  number  of 
laterals,  handholes,  and  fuse  boxes  and  permits  using  the  least 
amount  of  copper  by  taking  advantage  of  the  diversity  of  a 
group  of  consumers. 

The  lighting  and  power  load  can  be  plotted  on  one  drawing 
as  shown  in  Fig.  2  or  the  loads  can  be  plotted  on  separate 
plans,  the  latter  method  is  best  as  the  plans  for  each  system  can 
then  be  kept  separate. 

The  load  maps  for  each  system  should  show  the  total  load, 
both  in  the  underground  district  and  outside  of  it,  that  is  to  be 
supplied  by  cables  in  the  conduit  system  from  the  power  house 
so  that  ample  conduit  space  can  be  provided  and  the  most 
suitable  routes  and  sizes  of  feeders  determined. 

Having  the  lighting  and  power  loads  and  a  map  showing  the 
street  light  system,  the  next  step  is  to  determine  the  most  suit- 
able plan  of  distribution  to  be  adopted,  this  may  be  called  the 
critical  point  in  the  design  qf  a  distribution  system,  for  on  the 
decision  depends  not  only  the  first  cost  of  the  installation  but 
the  reliable,  efficient  and  economical  operation  of  the  distribu- 
tion system. 

There  are  two  general  schemes  of  distribution: 

1.  To  supply  the  whole  city  from  one  power  house. 

2.  Divide  the  city  into  districts  and  supply  each  from  sub-      j 
stations,  or  rather  from  the  power  house  and  substations.    -^OglC 
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In  many  of  the  older  systems  the  first  method  was  used  and 
a  large  number  of  ducts  were  installed,  in  one  trench  from  the 
power  house,  to  serve  the  whole  city,  or  at  least  that  portion 
that  was  to  be  supplied  by  underground  eventually.  This 
necessitated  providing  a  large  number  of  spare  ducts,  a  large 
percentage  of  which  remained  idle  for  years  and  not  infrequently 
resulted  in  too  many  ducts  in  some  places  and  too  few  in  others. 

Not  only  was  the  first  cost  of  such  a  system  excessive  but 
the  manholes  were  almost  invariably  too  small  to  accommodate 
the  number  of  cables  that  could  have  been  installed  in  all  of  the 
ducts  had  there  ever  been  use  for  them.  The  most  serious  ob- 
jection to  this  plan  is  that  the  losses  due  to  the  heating  of  so 
many  cables  in  one  conduit  run  are  excessive  and  materially 
reduce  the  carrying  capacity  of  the  cables,  particularly  in  cables 
occupying  the  inner  ducts. 

Another  serious  objection  to  this  method  is  that  a  bum-out 
on  one  cable  is  practically  certain  to  damage  adjacent  cables 
and  cause  interruption  of  service  over  a  considerable  area. 
Faults  on  underground  systems  usually  affect  more  consumers 
than  on  an  overhead  system  and  require  more  time  to  repair, 
therefore,  no  system  should  be  considered  that  does  not  permit 
being  sectionalized  and  have  reasonable  emergency  facilities 
provided  for  restoring  service  with  the  least  possible  delay. 

The  objections  to  the  first  plan,  as  stated  above,  preclude  its 
adoption  except  in  very  small  cities  where  the  area  to  be  served 
by  underground  distribution  is  limited,  and  the  total  number  of 
ducts  installed  in  one  trench  will  not  be  excessive. 

The  second  method  of  distribution,  when  properly  designed, 
avoids  all  of  the  objectionable  features  of  the  first  method  and 
is  particularly  adapted  to  the  modem  practise  of  installing  sub- 
stations supplied  by  high-tension  feeders,  as  each  district  is 
practically  operated  separate  irom  the  others  and  with  suitable 
emergency  feeders  and  switching  equipment  permits  each  dis- 
trict to  assist  the  others  in  case  of  necessity. 

The  old  saying  'That  you  should  not  put  all  of  your  eggs  in 
one  basket"  is  particularly  true  if  we  change  the  words  slightly — 
'*You  should  not  put  all  of  your  feeders  in  one  trench  or  manhole" 
and  the  distribution  engineer  will  be  wise  to  keep  this  warning 
in  mind  as  far  as  the  requirements  of  the  case  will  permit. 

Reliable  service  and  economical  distribution  are  absolutely 
necessary  for  the  financial  success  of  every  light  and  power 
company.    Reliability  depends  on  the  following  conditions: 
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1.  The  best  material,  equipment  and  workmanship. 

2.  Proper  selection  of  material  and  equipment  for  the  ser- 
vice it  is  to  supply. 

3.  EflRcient  protective  apparatus,  judiciously  installed. 

4.  Sectionalizing  apparatus  properly  located. 

5.  Continuity  of  supply,  by  feeders  over  different  routes  or 
an  arrangement  that  will  provide  at  least  two  sources  of 
supply  for  the  network. 

6.  Regular  and  systematic  inspection  of  the  distribution 
system  by  competent  men. 

7.  Accurate  plans  and  records  of  the  distribution  system  so 
that  changes,  additions  and  extensions  can  be  made  to  the  best 
advantage  with  the  least  possibility  of  error. 

Economical  operation  depends  upon  a  reasonable  first  cost, 
in  addition  to  all  of  the  above  conditions,  and  where  a  system 
is  designed  at  first  for  a  whole  city  (keeping  in  mind  future  sub- 
stations) it  is  possible  to  reduce  the  number  of  ducts  and  man- 
holes to  a  minimum,  install  sections  as  the  business  warrants 
and  extend  the  ultimate  cost  over  a  considerable  period. 

Keeping  the  above  facts  in  mind  the  actual  design  of  an  under- 
ground distribution  system  should  be  made  on  the  following 
general  plan.  Assuming  that  the  first  underground  installa- 
tion is  to  supply  a  district  similar  to  that  shown  in  Fig.  2, 
and  that  later  this  district  will  be  extended  a  block  or  two  in  each 
direction  and  supplied  from  the  main  station. 

While  it  is  admitted  that  it  is  not  possible  accurately  to  fore- 
tell where  substations  will  be  located  in  the  future,  still  a  study 
of  the  conditions  will  generally  permit  a  reasonable  asstunption 
to  be  made  and  if  separate  conduit  is  to  be  installed  later  for 
high-tension  feeders  this  part  of  the  work  does  not  enter  into 
the  first  design  except  in  a  general  way. 

After  making  the  load  maps  for  the  lighting  and  power  systems 
and  also  a  map  showing  the  location  of  the  street  lights  it  is  a 
good  plan  to  first  layout  the  street  light  circuits,  for  assuming 
that  all  wires  in  the  district  must  be  placed  underground  it  is 
evident  that  conduit  must  be  installed  to  reach  every  light. 

The  location  of  the  street  lights  is  determined  by  the  city 
authorities  and  can  seldom  be  altered  enough  to  materially 
change  the  conduit  arrangement,  therefore,  by  designing  this 
system  first  it  will  give  a  general  idea  of  where  the  conduit  must 
be  installed  and  keeping  this  plan  in  mind  it  is  frequently  possible 
to  arrange  the  secondary  mains  so  as  to  utilize  the  same  routes 
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(partictdarly  in  alleys  and  the  less  important  streets)  so  as  to 
avoid  considerable  conduit  construction. 

The  proposed  location  of  the  laterals  in  each  building  should 
be  shown  on  the  plan  for  the  secondary  systems  for  light  and 
power.  A  study  of  these  locations  together  with  the  street  light 
conduit  layout  will  often  show  where  slight  changes  in  one  or  the 
other  will  permit  considerable  saving,  even  when  changing  some 
laterals  will  increase  the  cost  of  the  inside  wiring. 

Owing  to  the  fact  that  the  grouping  of  consumers,  in  a  district, 
will  usually  be  different  on  an  underground  system  than  it  was 
on  the  original  overhead  system  it  is  practically  impossible 
accurately  to  determine  what  the  demand  and  diversity  factors 
will  be  for  the  new  system.  A  distribution  system  for  either 
lighting  or  power  usually  consists  of  the  following  sub-divisions: 

Primary  feeders  to  centers  of  distribution. 

Secondary  feeders  supplying  the  transformers. 

Secondary  mains  supplying  the  service  laterals. 

Service  laterals  supplying  the  consumers. 

In  small  systems  the  secondary  feeders  are  not  required,  as 
the  transformers  are  connected  directly  to  the  primary  feeders. 

The  size  of  cables  to  use  for  the  laterals  is  easily  determined, 
the  principal  object  is  to  restrict  the  number  of  sizes  of  cable  as 
much  as  possible,  using  about  three  sizes  for  the  whole  system, 
and  if  possible,  making  the  largest  size  used  for  laterals  the  same 
as  one  of  the  sizes  used  for  secondary  mains. 

Aside  from  the  laterals  it  is  evident  that  the  secondary  mains 
receive  less  benefit  from  the  diversity  factor  than  any  other  part 
of  the  system.  It  is  also  evident  that  any  increase  in  the  load 
will  directly  affect  the  mains  which  must  be  large  enough  to 
maintain  satisfactory  voltage  for  all  consumers  connected  to 
them. 

On  the  one  hand  is  the  diversity  factor  tending  to  reduce  the 
size  of  the  mains  and  on  the  other  hand  the  probable  increase  in 
load  which  must  be  provided  for,  tending  to  increase  the  size  of 
the  mains.  As  not  only  the  first  cost  but  the  interest  on  the 
investment  depends  on  the  size  of  the  copper,  it  is  important  that 
these  two  conditions  be  given  careful  consideration  and  it  is  in 
cases  of  this  kind  that  the  engineer  must  be  guided  by  experience 
and  his  knowledge  of  the  situation. 

There  is  one  point  that  should  be  remembered  in  determining 
the  size  of  cable  to  install  for  secondary  mains,  particularly 
where  they  serve  a  number  of  consumers  in  a  business  district. 
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Owing  to  the  fact  that  the  service  laterals  are  spliced  directly 
to  the  mains  at  frequent  intervals  it  is  very  expensive  to  replace 
them  and  the  old  cable,  being  in  short  lengths,  is  of  little  or  no 
use  except  for  its  junk  value;  it  is  therefore  advisable  to  make 
all  secondary  mains  of  ample  size  to  provide  for  the  total  load 
that  can  reasonably  be  expected  and  use  the  best  kind  of  cable, 
either  varnished  cambric  or  rubber  insulated,  for  all  secondary 
mains  and  laterals  that  terminate  in  junction  or  fuse  boxes. 

The  load  in  the  district  should  be  divided  as  equally  as  pos- 
sible into  a  suitable  number  of  distribution  centers  so  that  one 
size  and  style  of  cable  can  be  used  for  all  of  the  feeders,  as  this 
permits  standardizing  the  equipment  and  requires  less  cable 
being  kept  in  stock  for  emergency  purposes. 

The  feeders  being  generally  small  cable  and  having  few  or  no 
taps  on  them  can  easily  be  replaced  by  larger  cable  and  the  old 
cable  is  in  sufficient  lengths  to  be  used  elsewhere.  Instead  of 
installing  a  larger  cable  to  replace  a  loaded  one  it  is  generally 
better  to  install  an  additional  feeder  to  another  center  of  dis- 
tribution, using  the  standard  size  of  cable. 

Where  the  requirements  of  the  system  demand  the  use  of  two- 
conductor  cable  it  is  advisable  to  have  it  made  up  in  round  form 
instead  of  the  flat,  or  figure  8  style,  as  it  is  practically  impossible 
to  train  this  latter  style  without  kinking  it. 

A  careful  study  of  the  conditions  under  which  underground 
distribution  systems  operate,  particularly  in  medium  size  or 
smaller  cities,  has  convinced  the  writer  that  the  safest  guarantee 
of  reliable,  efficient,  and  economical  operation  is  to  install  cable 
and  equipment,  as  far  as  the  conditions  will  permit,  under  the 
following  general  rules. 

Service  Laterals,  Use  either  cambric  or  rubber  insulated  cable, 
spliced  directly  to  the  secondary  mains,  and  terminated  in  water- 
tight fuse  boxes  on  the  consumers  property.  (The  number  of 
laterals  taken  out  at  one  splice  will  depend  on  the  system;  for 
single-conductor  cables  four  laterals  can  be  taken  out,  but  two 
is  about  the  limit  where  three-conductor  mains  and  laterals  are 
used.) 

Secondary  Mains,  Make  these  cables  of  ample  size  to  provide 
for  all  the  growth  that  can  reasonably  be  expected.  Use  either 
varnished  cambric  or  rubber  insulated  cable  for  all  secondary 
work  where  cables  terminate  in  subway  equipment. 

Primary  Feeders.  These  cables  derive  the  most  benefit  from 
the  diversity  factor,  are  comparatively  long  lengths,  and  have 
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few  taps  on  them,  therefore  are  less  subject  to  damage  than  the 
rest  of  the  cables  and  are  easily  replaced  with  small  financial 
loss.  Small  reserve  capacity  is  all  that  need  be  provided  for 
this  class  of  cables. 

Paper  insulated  cable  can  be  used  to  advantage  frequently  at 
considerable  saving  providing  that  the  ends  are  properly  ter- 
minated in  compound-filled  potheads  or  varnished  cambric  or 
rubber  insulated  tails  used  for  connecting  to  the  equipment. 

Personally,  the  writer  does  not  approve  of  using  any  paper 
insulated  cable  on  distribution  systems,  except  on  cases  where 
the  emergency  facilities  are  such  that  the  failure  of  a  feeder 
cannot  cause  a  serious  interruption  to  the  service. 

In  small  companies,  where  competent  cable  men  are  not 
always  available,  the  use  of  paper  insulated  cable  on  the  dis- 
tribution system  is  not  advisable,  it  is  however,  well  suited  for 
high-tension  feeders  and  tie-lines. 

Subway  Equipment,  Due  to  the  liability  of  being  submerged 
occasionally  and  the  limited  space  usually  available,  for  its  in- 
stallation, subway  equipment  is  probably  the  most  prolific  cause 
of  trouble  on  underground  distribution  systems,  and  the  greatest 
care  must  be  used  in  selecting  and  installing  it. 

The  best  insurance  against  trouble  from  this  cause  is  to  provide 
reliable  sewer  connections  to  all  manholes  and  vaults  in  which 
subway  equipment  is  located.  Separate  the  primary  and  second- 
ary equipment  by  placing  the  transformers,  primary  fuses  and 
switches  in  a  vault  (preferably  located  under  the  sidewalk  ad- 
jacent to  the  manhole  in  which  the  secondary  junction  boxes 
are  located.)  This  arrangement  reduces  the  length  of  the 
secondary  mains,  which  are  usually  large  expensive  cable,  and 
lessens  the  liability  of  a  burnout  on  the  primary  equipment 
damaging  the  secondary  network.     See  Fig.  3, 

The  object  in  placing  the  vaults  under  the  sidewalk  is  that  it 
is  seldom  possible  to  secure  sufficient  room  in  the  street,  also 
there  is  less  liability  of  the  vaults  being  flooded  from  surface 
water  and  they  are  more  accessible  in  the  winter  when  the  ground 
is  covered  with  ice  and  snow.  This  method  of  construction  is 
more  expensive  than  placing  all  of  the  equipment  in  the  man- 
holes but  the  added  security  is  well  worth  the  expense  on  an 
important  installation. 

Subway  transformers  should  not  be  set  on  the  floor  of  the 
vault  but  should  be  raised  so  that  the  air  can  circulate  under 
and  around  them.    Where  more  than  200  kw.  of  transformer 
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capacity  has  to  be  installed  in  one  vault  it  is  advisable  to  provide 
ventilating  pipes  from  the  vault  to  a  pole  or  side  of  a  nearby 
building. 

Subway  junction  and  fuse  boxes  should  not  have  slate  or 
marble  bases,  but  use  ebonite  or  similar  material  that  will  not 
absorb  moisture.  All  boxes  should  be  subjected  to  an  insula- 
tion test  before  being  installed.  Barriers  should  be  provided 
between  terminals  of  opposite  polarity. 

The  iron  work  of  all  subway  equipment  should  be  permanently 
grounded  to  a  reliable  ground  rod,  plate,  or  if  possible,  to  the 
city  water  pipe  system.  In  large  vaults,  where  there  is  con- 
siderable equipment,  at  least  two  ground  connections  should  be 
provided. 


Fig.  3 


Installing  Cable,  Asstmiing  that  all  cable  has  passed  the 
usual  factory  test,  it  is  seldom  necessary  to  subject  it  to  another 
test  before  being  installed  unless  there  is  some  evidence  that  it  has 
been  damaged  in  transit.  The  conditions  under  which  the  cable 
is  purchased  and  installed  will,  however,  generally  decide  this 
point. 

Use  skids  in  loading  and  unloading  reels,  never  drop  them  off 
of  the  truck.  Place  reels  as  near  the  point  where  they  are  to  be 
used  as  possible.  When  reels  must  be  left  on  the  street  for  some 
time  they  should  be  securely  blocked  or  preferably  wired  to  a 
pole  to  prevent  their  being  rolled  about.  Care  should  be  taken 
not  to  place  reels  where  they  will  interfere  with  hydrants,  or 
obstruct  manholes,  water  gates  or  traffic.  Digitized  byGoOQlc 
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Never  handle  paper  insulated  cable  when  it  is  cold.  In  cold 
weather  it  should  be  kept  in  a  warm  place  until  it  is  to  be  in- 
stalled. Paper  cable  should  not  be  bent  shorter  than  eight  times 
its  diameter  and  should  be  warmed  before  bending. 

Always  provide  sufficient  men  and  power  to  safely  handle 
cable  during  installation,  when  the  cable  is  started  in  the  conduit 
try  to  maintain  an  even  steady  rate  of  pulling.  For  heavy  cable 
it  is  advisable  to  use  grease  or  powdered  soapstone. 

Ends  of  cables  should  be  kept  sealed  until  ready  to  be  spliced. 
Cables  should  not  be  left  hanging  from  the  duct  mouth,  but 
should  be  supported  on  hangers  with  as  little  bending  as  possible. 
The  final  bending  and  training  of  the  cables  should  be  done  by 
the  splicer  when  joining  the  sections. 

When  installing  a  new  system,  all  lengths  of  cable  should  be 
bonded  together  temporarily  as  soon  as  they  are  installed.  As 
soon  as  the  cable  system  is  completely  connected  up  tests  for 
electrolysis  should  be  made  of  the  whole  system  and  proper 
measures  taken  to  protect  the  cables  in  case  of  necessity. 

The  arrangement  of  cables  and  equipment  in  the  manholes 
and  vaults  must  be  carefully  planned  to  secure  neatness  and 
ample  space  in  which  to  work  and  operate  the  equipment  with 
safety. 

All  cables  and  equipment  should  be  plainly  marked  showing 
the  operating  voltage  and  system  it  is  used  for.  Where  single- 
conductor  cables  are  used  on  three-phase  circuits  they  should 
be  distinguished  by  different  colors  as  this  will  prevent  mistakes 
in  making  changes  as  only  cables  of  like  colors  should  be  con- 
nected together. 

While  it  is  admitted  that  it  is  impossible  to  install  a  system 
that  will  be  entirely  free  from  trouble,  it  is  possible,  by  carefully 
designing  the  system  to  prevent  many  of  the  faults  that  are  a 
constant  source  of  trouble  on  many  systems. 

Conduit  System,  The  conduit  system  should  be  designed  to 
serve  the  electrical  distribution  system  as  previously  designed. 
This  statement  may,  at  first,  appear  to  be  a  self  evident  fact, 
but  unfortunately  many  conduit  systems  are  not  arranged  to 
properly  and  economically  provide  facilities  for  installing  the 
proposed  cable  system.  It  is  not  an  uncommon  practise  to  in- 
stall a  conduit  system  based  on  a  general  assimiption  of  the 
actual  requirements  of  the  electrical  system. 

The  writer  has  seen  conduit  systems  in  which  it  was  absolutely 
impossible  to  install  the  distribution  system  as  it  had  to  be 
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operated,  and  which  had  to  be  partially  rebuilt  before  the  cables 
and  equipment  could  be  installed.  These  are  no  doubt  excep- 
tional cases  but  it  shows  the  importance  of  a  definite  method  of 
procedure   in  designing  an    underground  distribution  system. 

It  is  a  common  practise  in  designing  conduit  systems  to  select 
streets  or  alleys  having  the  cheapest  pavement  in  which  to  locate 
the  conduit,  and  then  attempt  to  fit  the  electrical  distribution 
to  this  location,  and  the  result  is  invariably  unsatisfactory  and 
the  saving  in  the  cost  in  repaving  is  frequently  exceeded  by  the 
additional  cost  of  cables,  and  the  total  cost  of  the  system  thus 
increased. 

It  should  be  realized  that  a  properly  designed  and  constructed 
conduit  system  is  a  valuable  property,  and  a  permanent  struc- 
ture having  little  or  no  depreciation,  and  its  importance  in  the 
supply  of  electrical  energy  warrants  the  greatest  care  being  taken 
in  its  design  and  construction. 

Conduit  systems  that  are  to  serve  high-tension  or  tie  lines 
between  substations  can  be  located  so  as  to  avoid  the  more  ex- 
pensive pavements,  but  conduit  used  exclusively  for  distribution 
systems  should  be  located  so  as  to  best  serve  the  electrical  re- 
quirements regardless  of  the  kind  of  pavement  on  the  streets 
or  alleys. 

In  a  conduit  system  used  exclusively  for  distribution  (where 
all  wires  must  be  placed  underground)  the  best  location  is 
usually  in  the  streets.  In  cities  having  an  alley  in  each  block 
there  is  a  strong  tendency  to  locate  the  conduit  in  the  alley. 

The  desire  to  utilize  the  alleys  is  based  on  the  fact  that  the 
pavement  is  usually  less  expensive,  and  as  the  majority  of  pole 
lines  are  in  the  alleys  the  buildings  are  supplied  from  the  rear, 
therefore  if  the  conduit  is  located  in  the  alley  there  will  be  less 
expense  for  changing  the  inside  wiring  to  meet  the  new  dis- 
tribution system  At  first  sight  these  advantages  appear  so  great 
as  to  warrant  the  selection  of  the  alley;  there  are,  however, 
serious  disadvantages  to  this  location. 

The  alleys  are  usually  from  16  to  20  feet  wide  and  are  generally 
fairly  well  occupied  by  water,  gas  and  sewer  facilities,  and  not 
infrequently,  by  one  or  two  telephone  conduit  sy^ems  (which 
are  usually  installed  before  the  electric  light  wires  are  placed 
underground)  and  the  space  available  is,  therefore,  very  limited. 

The  rear  building  line  is  very  irregular,  many  buildings  do  not 
extend  back  to  the  alley,  and  frequently  there  are  small  sheds  or 
extensions  in  the  rear  or  the  main  buildings.     The  length  of  rear 
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laterals  would  be  greater  than  front  ones  and  the  difficulties  and 
cost  of  installation  considerably  more;  the  greatest  objection  is 
that  the  rear  laterals  would  not  be  permanent  in  many  places 
but  would  have  to  be  changed  whenever  any  new  building  con- 
struction or  changes  were  made.  ^ 

Where  alleys  are  located  in  the  business  section  of  a  city  they 
are  usually  used  by  the  merchants  for  receiving  and  shipping 
goods  and  are  subjected  to  a  heavy  traffic,  considering  the 
limited  space.  The  merchants  are  practically  all  consumers  of 
electric  power  and  will  strongly  resent  any  interruption  to  their 
trucking  facilities. 

Owing  to  the  limited  space  in  the  alleys,  and  the  amount  of 
traffic,  it  is  practically  impossible  to  store  any  material  in  them, 
consequently  all  material  used  on  the  conduit  system  must  be 
stored  in  the  adjacent  streets  and  usually  wheeled  in  by  hand. 
This  work  and  the  excavation  for  manholes,  removal  of  surplus 
material  etc.,  will  practically  close  the  alley  to  traffic  and  the 
inconvenience  of  doing  the  work  will  greatly  increase  the  cost 
of  construction. 

There  is  another  serious  objection  to  using  the  alleys.  An 
average  block,  in  cities  having  alleys,  is  about  300  by  300  ft. 
(91  by  91  m.)  and  usually  has  at  least  twelve  separate  buildings 
in  it,  in  the  business  section  there  are  generally  more.  When  the 
distribution  system  is  located  in  the  alleys  all  of  the  buildings 
in  a  block  are  supplied  from  one  secondary  main  which  practically 
doubles  its  size,  and  the  number  of  laterals  that  must  be  con- 
nected to  it  require  frequent  handholes  in  order  to  reduce  the 
length  of  the  laterals.  This  entails  more  complicated  and  ex- 
pensive splices,  cuts  the  main  into  short  lengths,  and  in  case  of 
serious  trouble  puts  the  whole  block  out  of  service. 

As  a  general  rule,  with  the  single  exception  of  requiring  less 
conduit,  the  alley  construction  is  less  desirable  than  a  system 
installed  in  the  streets.  This  statement  applies  to  the  business 
district  of  a  city.  Where  overhead  laterals  can  be  used  in  a 
residential  section  the  alleys  are  preferable  for  the  location  of 
the  conduit,  and  as  the  traffic  and  obstructions  are  usually  con- 
siderably less  in  such  sections,  the  construction  cost  will  be  cor- 
respondingly less,  depending  on  the  pavement. 

Before  making  the  conduit  design  it  is  necessary  to  plot  the 
location  of  all  car  tracks  and  existing  sub-surface  obstructions, 
in  order  to  determine  the  most  suitable  location  for  the  new 
system.     While  it  is  known  that  the  records  of  sub-surfj 
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ditions  are  seldom  accurate  still  a  study  of  these  records  and  the 
location  of  water  gates,  sewer  manholes  and  other  surface  in- 
dications will  permit  a  fairly  accurate  map  being  prepared. 

Where  there  is  any  doubt  regarding  space  being  available  for 
the  coijduit  and  manholes  it  is  advisable  to  dig  test  holes,  and 
if  possible  they  should  be  dug  at  the  points  where  it  is  proposed 
to  locate  manholes. 

The  design  of  an  underground  distribution  system  is  not  a 
difficult  matter  if  handled  in  a  systematic  manner  and  the  result 
obtained  from  a  thorough  study  of  the  conditions  will  fully 
warrant  the  engineering  expense  necessary  to  prepare  accurate 
plans  covering  every  detail  of  the  work. 
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Discussion  on  ''Underground  Distribution  Systems"  (New- 
ton), Chicago,  September  20,  1916. 

T.  E.  T3mes:  This  most  excellent  paper,  prepared  by  Mr. 
Newton,  and  so  very  ably  presented  by  Mr.  Gear,  covers  the 
question  of  underground  distribution  of  energy  in  a  very  broad 
way.  Mr.  Newton  has  given  a  great  deal  of  time  and  thought 
to  this  question  of  underground  distribution,  and  while  the  paper 
applies  particularly  to  the  distribution  of  energy  in  cities  and 
congested  districts,  such  as  we  have  here  in  Chicago  and  in  other 
large  cities,  the  principles  involved  are  applicable  to  any  under- 
ground system  which  we  may  have  occasion  to  use  in  steel  mills, 
such  as  the  construction  of  conduits,  the  making  of  joints,  the 
position  of  switches,  etc. 

Alfred  F.  Hovey:  A  great  deal  of  time  might  well  be  given 
to  the  discussion  of  this  paper  as  regards  the  detailed  construc- 
tion of  the  conduits  and  cables.  There  is  one  statement  which  in- 
volves a  rather  dangerous  point;  the  author  states:  "Where 
triplex-conductor  cables  are  used  on  three-phase  circuits,  they 
should  be  distinguished  by  different  colors  as  this  will  prevent 
mistakes  in  making  changes,  as  only  conductors  of  like  colors 
should  be  connected  together."  I  have  personally  encountered 
a  good  deal  of  difficulty  from  just  that  kind  of  a  specification. 
It  is  almost  next  to  impossible  to  make  joints  that  will  be  ser- 
viceable for  a  long  term  of  years,  such  as  good  joints  should,  and 
at  the  same  time  secure  the  matching  of  colors.  The  time  has 
come  when  we  are  using  large  conductors  in  sector  form,  and 
under  those  circumstances  it  is  still  more  difficult  to  match  these 
colors.  Very  often  it  requires  one  of  the  conductors  to  be 
drawn  through  and  between  the  other  two  conductors  in  order 
to  match  the  same  color,  and  there  is  no  safe  way  of  identifying 
the  conductor  and  be  sure  you  are  right,  except  by  making  a 
test  one  way  or  another,  without  possible  damage  to  the  insu- 
lation. Jointers  find  they  cannot  make  as  good  a  joint  where 
they  attempt  to  match  the  colors.  The  cable  has  to  be  manu- 
factured in  a  certain  way,  so  that  the  lay  is  all  one  way,  and  the 
cable  has  to  be  pulled  in,  in  a  certain  direction,  and  sometimes  it 
is  impossible  to  feed  the  cable  into  one  of  the  manholes,  but  it  has 
to  be  pulled  by  means  of  a  series  of  blocks  and  tackles,  but  if  the 
cable  is  not  drawn  in  exactly  right,  it  is  extremely  difficult  to 
straighten  out  the  lay  of  the  conductors  at  the  joint,  so  to  match 
the  conductors,  although  it  sometimes  happens;  but  then  it  is  a 
matter  of  chance.  That  is  one  point  which  I  think  it  might  be 
well  for  engineers  to  avoid  in  making  up  specifications  to  secure 
a  perfectly  satisfactory  operating  system. 

Another  point  where  the  writer  of  the  paper  says:  "Personally, 
the  writer  does  not  approve  of  using  any  paper-insulated  cable 
on  the  distribution  systems,  except  in  cases  where  the  emer- 
gency facilities  are  such  that  the  failure  of  a  feeder  cannot  cause  a 
serious  interruption  to  the  service."     Several  managers  of  works 
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with  which  I  am  concerned  at  the  present  time,  are  installing 
paper-insulated  cables  both  for  economy  and  for  good  operation. 
A  paper-insulated  cable  requires  slightly  more  careful  installa- 
tion, but  if  properly  handled,  I  believe  in  many  cases  that  it 
will  make  as  good  insulation  as  either  the  rubber  or  varnished 
cloth  insulation.  It  has  been  my  experience  that  recently  the 
majority  of  engineers  specify  paper  cable.  There  is  no  particu- 
lar reason  for  bringing  up  that  point,  as  nearly  all  cable  manu- 
factiu*ers  are  prepared  to  furnish  either  rubber  or  varnished 
cloth  or  paper  insulation  on  their  cables. 

Just  a  word  of  commendation  to  Mr,  Newton,  who  has 
had  considerable  experience  along  this  line  for  years.  We 
have  known  him,  particularly  in  conduit  work,  and  in  cable 
work  for  years,  and  I  believe  that  this  paper  will  be  of  great 
assistance  to  engineers  in  laying  out  either  a  large  or  small 
system,  because  it  gives  the  basis  in  foundation  of  fact  for  a 
specification  that  would  provide  a  satisfactory  operating  system. 

Not  having  read  this  paper  carefully  enough  to  know  whether 
any  mention  is  made  of  a  scheme  used  considerably  nowadays, 
that  is  to  run  the  tnmk  ducts  underneath  the  service  boxes, 
I  would  say  that  this  is  an  important  featiu*e  in  designing  space 
for  trunk  feeders  and  secondary  mains  by  building  a  handhole 
over  the  top  of  the  lower  trunk  conduits  and  taking  in  only  the 
top  ducts,  using  them  for  distributing  mains  and  secondary 
feeders.  That  is  a  point  on  a  small  system  that  is  particularly 
important,  as  it  cuts  down  the  original  cost  of  the  conduit 
system  materially.  In  that  way,  the  small  conductors  can  be 
exposed  through  these  handholes  for  taps  and  the  handholes  can 
be  constructed  at  very  small  cost  and  at  large  insurance  over 
the  other  scheme  of  opening  all  the  ducts  into  all  the  manholes. 

There  is  one  manhole  that  has  cost,  as  I  was  informed  last 
week,  about  $10,000  because  the  engineers  originally  did  not 
make  the  manhole  large  enough.  The  manhole  has  been  re- 
built eleven  times,  with  the  consequent  cutting  of  cables  and 
re-racking  them  around  this  constantly  enlarged  manhole.  One 
of  the  operating  engineers  told  me  not  long  ago  that  his  company 
was  expending  over  $150,000  a  year  rebuilding  manholes.  That 
is  a  point  that  the  engineer,  in  laying  out  an  underground  dis- 
tribution, might  well  keep  in  mind,  because  it  is  well  known  that 
the  cheapest  real  estate  is  that  which  you  enclose  by  a  manhole 
wall  under  the  street.  By  making  a  large,  generous  manhole, 
you  have  plenty  of  racking  space  for  the  cables  on  the  sides,  with 
sufficient  room  on  the  side-walls  for  proper  racking  and  proper 
bending,  and  the  original  installation  will  take  care  of  the  oper- 
ation in  the  future  much  better  than  having  to  rebuild  the  man- 
hole at  considerable  extra  cost. 

F.  D.  Egan:  My  experience  with  underground  conduit  work 
has  been  entirely  in  the  steel  plant,  and  I  could  not  discuss  Mr. 
Newton's  paper  from  the  standpoint  of  city  construction.  We 
have    installed    approximately    125,000    feet    of    underground 
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conduits  in  our  steel  mill,  and  as  far  as  the  matter  of  trouble 
goes,  I  find  that  the  imderground  system  is  more  reliable  and 
more  dependable  than  the  overhead  system. 

Another  point  that  Mr.  Newton  brought  up  regards  the  high 
cost  of  underground  versus  overhead.  While  that  might  apply 
in  city  construction,  if  compared  to  the  type  of  construction  to 
be  used  in  a  steel  mill,  the  cost  is  in  favor  of  the  underground. 
When  we  distribute  power  at  6600  volts,  or  higher,  for  safety 
reasons  we  would  construct  duplicate  power  lines  and  the  cost 
of  this  would  be  higher  using  bare  copper  pole  lines  than  it 
would  be  with  underground  system  and  lead-covered  cambric 
cable. 

That  is  the  experience  we  met  with  in  otu*  construction.  We 
have  been  operating  on  this  system  in  some  of  our  plants  for 
from  three  to  four  years,  and  so  far  we  have  experienced  no 
trouble  from  an  electrical  standpoint.  We  lost  two  cables  ad- 
jacent to  the  power  house,  which  ran  parallel  with  the  old 
buildings,  and  the  trouble  there  arose  from  the  discharge  of 
steam  traps;  this  heat  entered  the  conduit  system,  raised  the 
temperature  and  the  additional  electrical  load  caused  a  break- 
down. After  we  removed  the  steam  trap  discharge,  we  ex- 
perienced no  more  trouble. 

Another  advantage  of  the  underground  system  is  the  point 
of  safety.  We  have  there  the  point  of  totally  enclosing  the 
electrical  distribution  line,  and  the  one  point  which  would  come 
up  there,  regarding  safety,  would  be  care  in  determining  the 
proper  line  to  work  on  in  case  of  opening  up  of  the  cable. 

S.  C.  Coey:  Mr.  Newton  has  given  us  a  very  interesting 
description  of  the  methods  used  in  laying  out  an  undergroimd 
cable  system  for  a  city  and  has  pointed  out  many  of  the  valuable 
features  of  such  an  installation.  While  many  of  the  fundamental 
principles  are  the  same,  when  we  apply  these  data  to  an  industrial 
plant  system  and  especially  a  steel  plant  installation  in  which 
most  of  oiu"  members  are  most  interested,  we  have  a  special 
application  which  calls  for  special  treatment. 

Installations  in  steel  plants  are  more  analogous  to  subway 
equipment  than  to  any  other  type  considered  in  the  paper.  The 
liability  of  having  underground  ducts  filled  with  water  is  always 
present  in  those  steel  plants  built  on  the  banks  of  rivers  having  a 
large  rise  during  flood  periods.  This  applies  to  most  of  the 
plants  in  the  Pittsbiu*gh  and  Youngstown  districts.  Where 
plants  are  installed  imder  these  conditions  it  is  usual  to  make  the 
yard  level  only  a  few  feet  above  the  maximum  high  water.  This 
is  done  from  practical  considerations  as  every  increased  foot  that 
the  plant  is  above  normal  water  level  means  that  many  more 
foot  poimds  of  energy  expended  in  ptmiping  the  large  amount  of 
water  necessary  in  the  modem  steel  plant.  This  condition  makes 
it  necessary  to  lay  out  a  duct  system  with  the  idea  in  mind  that 
the  cables  are  subject  to  the  liability  of  being  under  water  at 
some  time.     In  plants  of  this  description  the  use  of  underground 
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transmission  even  with  varnished-cambric  lead-covered  cables  is 
subject  to  possibilities  of  trouble  that  are  serious  and  makes  the 
advisability  of  installing  it  very  questionable. 

In  transmitting  alternating  current  in  lead-covered  cables  it 
is  advisable  to  confine  all  three  phases  within  one  lead  sheath. 
When  single-conductor  lead-covered  wires  are  used  for  this  work 
there  is  considerable  loss  and  possibility  of  trouble  from  sheath 
currents.  If  the  sheaths  are  bonded  the  PR  loss  from  the  sheath 
currents  amounts  to  about  half  the  normal  PR  loss  in  the  copper 
conductors  so  that  this  method  of  operating  is  inherently  in- 
efficient. As  it  is  usually  impractical  to  insulate  all  the  cables 
from  one  another  and  impossible  where  flood  conditions  are  to 
be  met  the  three-conductor  cables  should  be  used.  In  this  case 
we  have  all  the  heating  effect  confined  within  one  sheath  and 
cable  ducts  must  be  carefully  watched  to  see  that  there  are  not 
points  where  they  get  excess  heating  from  external  points. 

I  have  also  pointed  out  in  a  paper  before  the  Association  of 
Iron  and  Steel  Electrical  Engineers  that  where  grouped  ducts 
are  used,  the  heating  effect  from  a  center  duct  to  adjacent  out- 
side ducts  with  only  radiation  to  take  care  of  heat  dissipation  is 
cumulative,  as  shown  by  the  result  of  tests,  and  for  this  reason 
ducts  should  not  be  made  more  than  two  ducts  wide. 

In  underground  ducts  around  steel  mills  as  I  have  noted  before 
it  is  often  found  that  the  ducts  are  heated  from  some  external 
source.  This  is  usually  when  the  duct  passes  close  to  heating 
furnaces  of  some  kind,  which  are  impossible  to  get  away  from 
entirely  in  this  class  of  work.  This  type  of  service  calls  for 
special  study  in  each  case.  In  some  cases  forced  draught  through 
the  ducts  have  been  used  with  good  results.  I  have  found  for 
this  work  that  varnished  cambric  insulation  is  the  only  type 
that  can  be  relied  upon  as  the  heat  affects  rubber  very  rapidly. 

While  an  underground  system  is  usually  spoken  of  as  the  most 
permanent  system,  and  is,  in  the  ducts  proper,  I  would  raise  a 
question  when  we  consider  the  wire  insulation,  as  air  and  porce- 
lain are  more  permanent  than  paper,  rubber  or  varnished  cam- 
bric and  these  are  the  materials  depended  upon  in  the  two  sys- 
tems respectively  to  maintain  the  insulation  of  the  circuit. 

The  principal  advantage  gained  by  the  underground  system 
is  the  freedom  from  liabiHty  of  trouble  from  lightning,  pole 
failure,  and  obstructions  against  wires. 

In  steel  plants  the  locomotive  crane  problem  is  the  most 
serious  in  the  last  item. 

The  advantages  the  overhead  system  has  over  the  underground 
system  are  flexibility,  initial  cost,  wire  insulation  and  speed  of 
location  and  repair  of  trouble. 

As  I  see  it.  both  systems  as  used  today  have  their  drawbacks 
and  for  a  steel  plant  installation  I  believe  that  the  ideal  system 
of  transmission  would  be  to  have  an  open  concrete  duct  with 
reinforced  concrete  roof,  well  ventilated,  with  insulated  cables 
strung  on  porcelain  insulators  so  arranged  that  an  inspector 


Digitized  by 


Google 


1916)  DISCUSSION  AT  CHICAGO  1227 

could  walk  through  the  duct.  This  could  be  entirely  under- 
ground where  the  high  water  mark  allowed,  or  in  some  plants 
could  be  above  ground  and  used  for  a  line  fence.  This  system 
of  installation  would  give  the  advantages  of  both  the  present 
systems  without  any  of  the  disadvantages. 

T.  E.  Tynes:  We  have  quite  an  extensive  duct  system, 
originally  installed  about  ten  years  ago.  Our  plant  is  built  on 
land  that  was  a  swamp  and  there  is  a  great  deal  of  filled-in  land. 
We  have  experienced  some  trouble  due  to  the  settling  of  the 
ducts.  In  locating  a  duct  line,  especially  in  steel  plants,  great 
care  should  be  taken  that  this  line  is  installed  where  it  will  not 
be  interferred  with  by  future  construction,  as  it  is  a  very  diffi- 
cult matter,  after  a  duct  line  is  installed,  to  have  to  rip  it  up  to 
make  room  for  a  new  mill  going  in,  or  some  other  consider- 
ation arising,  which  is  of  sufficient  importance  to  cause  the 
ripping  up  of  the  duct  system. 

The  selection  of  a  suitable  foundation  on  which  to  build  the 
duct  line  is  very  important,  as  I  mentioned  the  trouble  we  have 
had  due  to  the  settling  of  the  land.  We  have  had  some  cable 
nearly  cut  off  due  to  the  settling  of  the  ground. 

The  type  of  duct,  or  material  out  of  which  the  duct  line  is  con- 
structed, is  also  important.  In  our  plant  we  constructed  every 
circuit  oif  vitrified  duct,  and  we  had  some  difficulty  with  cracking 
joints  which  has  allowed  one  thing  and  another  from  the  ground 
to  come  in,  and  these  substances  have  eaten  off  our  lead  coating 
right  where  the  joints  are.  We  have  been  troubled  considerably 
by  electrolysis,  and  upon  taking  out  cable  we  have  found  pin- 
holes, hardly  visible,  and  they  would  let  water  into  the  cable. 

Another  important  thing  is  making  the  splice.  To  make  a 
good  splice  you  should  have  the  joint  thoroughly  filled  with  a 
compound,  allowing  no  air  bubbles  to  be  formed,  as  in  time  the 
air  bubbles  will  cause  deterioration  of  the  insulation  and  produce 
a  breakdown.  We  do  not  know  the  reason  for  it,  but  we  have 
opened  up  joints  and  found  where  the  air  bubbles  destroy  the 
insulation,  and  that  increases  until  it  gets  to  the  lead  sheath  and 
then  the  cable  breaks  down. 

We  use  paper  and  lead-covered  cables.  We  have  had  them  in 
operation  now  on  2200  volts  for  ten  years,  and  have  had  no 
trouble  at  all  with  this  voltage.  We  have  had  trouble  on  our 
low-voltage  cable  due  to  electrolysis  and  improper  making  of 
the  joints. 

All  of  our  2200-volt  circuits  are  underground,  also  a  great  deal 
of  our  440-volt  circuits  and  250-volt  circuits.  We  are  now 
taking  the  250-volt  circuits  and  the  440-volt  circuits  and  putting 
them  overhead. 

We  feel  that  where  an  overhead  line  is  properly  constructed, 
good  insulators,  and  line  put  up  in  a  permanent  way,  that  it  is 
much  better  for  transmitting  low  voltages  than  the  undergroimd 
system.  There  is  less  trouble,  and  what  trouble  we  have  can 
be  seen  and  taken  Cftre  of  b^fpre  it  is  too  far  advanced.    In 
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the  case  of  the  2200-volt  circuits,  the  question  of  safety  comes 
in,  and  we  put  those  circuits  underground  for  that  reason. 

C.  A.  Menk:  I  do  not  think  I  have  very  much  to  add  to  the 
paper.  It  is  very  interesting.  What  are  you  going  to  do  with 
your  present  installation?  You  have  an  old  plant,  and  if  you 
are  going  to  add  to  that,  what  will  you  adopt?  The  first 
question  which  comes  up  is:  **You  have  gone  along  for  years 
with  your  overhead  construction.  Is  it  going  to  pay  to  put  it 
underground?*' 

Another  thing;  in  designing  a  new  plant  I  think  it  will  be 
actually  necessary  to  know  what  is  going  to  be  added  in  twenty 
years  from  now,  if  placed  underground,  because  it  is  hard  to 
tell  what  may  develop  and  how  soon  it  will  develop.  As  Mr. 
Tynes  said,  to  make  extended  changes  would  be  very  ex- 
pensive. Take  a  city  like  Chicago  and  other  large  cities.  These 
cities  are  well  established,  and  underground  work  can  be  put  in 
that  should  be  good  for  twenty-five  years,  probably  fifty  years, 
especially  in  the  residence  districts,  but  in  the  case  of  mill  work 
it  seems  as  if  one  would  have  to  look  ahead  and  make  very  ex- 
tensive provision  for  added  improvements  in  the  future. 

In  installing  an  underground  system  on  three-phase  work, 
will  it  be  advisable  to  put  in  the  triple  conductor,  or  single  it 
out  and  put  it  in,  in  triangle  form? 

In  installing  underground  work,  would  you  put  in  a  conduit 
system  large  enough  xmder  the  present  day  engineering,  so  that 
you  could  pull  out  the  cables  and  put  in  larger  ones,  to  avoid 
having  to  rebuild  your  manholes?  One  of  the  speakers  said 
that  in  one  case  the  manhole  was  rebuilt  eighteen  times.  •  To  me 
that  looks  like  very  poor  engineering. 

T.  £.  Tynes:  In  reference  to  Mr.  Menk's  question,  whether 
to  install  triple  conductors,  or  single  conductors,  all  our  under- 
ground cable  is  three-conductor,  even  the  2200  volt  up  to  500,000 
cir.  mils,  and  as  I  said  before,  we  have  had  no  trouble  from  the 
insulation  of  the  cable — it  has  all  been  joint  trouble  and  elec- 
trolytic action  on  the  lead  sheath. 

S.  C.  CoeyJ  I  have  had  some  experience  with  an  installation 
on  which  single-conductor,  lead-covered  cables  were  used  on 
three-phase  work.  On  investigation  it  was  found  that  where 
the  lead  covers  of  the  cables  came  in  contact,  the  sheath  currents 
made  pin-holes  in  the  lead  and  when  moisture  was  present  paper 
insulation  absorbed  it  like  blotting  paper.  In  my  opinion  it  is 
a  good  thing  to  keep  away  from  single-conductor  alternating- 
current  transmission. 

H.  B.  Gear:     You  referred  to  low  tension,  I  suppose? 

C.  A.  Menk:     Yes,  440-volt  circuit. 

H.  B.  Gear:  I  quite  agree  with  the  suggestion  that  the 
cables  carrying  large  current  should  be  multiple-conductor  in 
form.  A  case  came  to  my  attention  just  recently,  in  an  indus- 
trial plant — not  a  steel  mill,  but  a  condition  which  is  very  similar 
— where  there  were  thirty-two  No.  00  cables  that  had  to  be 

Digitized  by  LjOOQ IC 


19161  DISCUSSION  AT  CHICAGO  1229 

carried  a  distance  of  800  to  1000  feet  from  the  plant  to  the  point 
where  the  power  was  used,  and  in  order  to  keep  down  the  in- 
ductive drop  on  these  circuits  they  had  made  them  small,  but 
they  were  all  overhead,  and  the  drop  was  something  hke  33  volts 
on  a  220-volt  system  in  that  distance.  If  these  cables  had  been 
placed  undergrotmd  and  made  three-conductor,  with  a  separa- 
tion of  only  perhaps  an  inch  between  centers,  the  inductive 
component  of  the  drop  would  have  been  very  much  less  and  the 
system  would  have  been  far  more  satisfactory.  As  it  was,  they 
were  unable  to  use  any  additional  power  at  the  other  end  of  the 
line  without  stringing  more  copper,  for  which  room  was  not 
available  on  the  poles. 

In  general,  single-conductor  cables  are  somewhat  preferable 
for  high-tension  work  where  the  lines  are  used  for  distribution 
purposes,  that  is  what  Mr.  Newton  has  called  secondary  feeders 
which  are  really  primary  distributing  mains. 

Wheire  joints  must  be  made  more  frequently,  for  connecting 
in  transformers,  it  is  easieir  to  do  that  work  on  single-conductor 
than  three-conductor,  from  the  fact  that  the  opposite  polarities 
can  be  separated.  Frequently  that  work  has  to  be  done  on 
either  live,  or  very  close  to  live  wires.  In  general,  the  cost  of 
three-conductor  cables  is  sufficiently  less  than  single  conductors, 
to  warrant  theit  use,  often  at  the  expense,  as  is  sometimes 
done  in  manholes  or  other  places  where  taps  are  made,  of  fanning 
out  into  three  singles.  If  the  manhole  lengths  are  long,  say 
four  hundred  or  five  hundred  feet,  it  is  usually  cheaper  to  make 
an  extya  wiped  joint  in  the  manhole,  going  through  with  singles, 
in  order  to  save  the  cost  of  extra  lead  that  would  be  put  in  the 
conductors  in  the  long  cable  line. 

In  regard  to  paper  insulated  cables,  Mr.  Newton's  statement 
is  very  well  considered.  He  agrees  they  should  be  used 
and  can  be  used  where  experienced  men  are  handling  them, 
but  his  statement  is  that  they  should  not  be  used  where  inex- 
perienced men  are  handling  them.  In  a  large  system,  such  as  that 
in  Chicago,  we  use  nothing  but  paper  cable,  even  for  laterals 
and  secondaries. 

There  is  no  difficulty  whatever  with  high-tension  cables  in 
taking  care  of  ends  if  they  are  provided  with  potheads,  as  Mr. 
Newton  suggests. 

With  regard  to  the  facilities  which  are  provided  for  in  emer- 
gencies, the  pot-head  is  so  arranged  that  it  is  an  easy  matter  to 
have  one  cable  act  as  a  reserve  for  a  group  of  cables,  doing  the 
same  class  of  service,  and  the  developments  in  recent  years  are 
quite  numerous  as  compared  with  what  we  used  to  have  to  get 
along  with  in  the  way  of  emergency  facilities. 

In  connection  with  the  ventilation  of  transformer  rooms,  I 
notice  that  Mr.  Newton  suggests  that  any  transformer  room  for 
200  kilowatts  or  more  should  be  ventilated.  Our  experience  is 
that  is  rather  a  high  limit.  We  have  had  a  number  of  cases  of 
150  or  120  kilowatts,  where  in  the  summer  time  the  ordinarv  air 
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temperatures,  especially  like  we  had  last  summer,  were  enough 
to  make  these  transformer  rooms  run  up  to  130  to  140  deg. 
fahr.,  and  the  oil  temperatures  correspondingly  high,  so  that  the 
insulation  was  in  danger.  It  takes  rather  a  liberal  ventilating 
system  in  the  form  of  intakes  and  ventilating  flues,  etc.,  to  take 
care  of  such  an  installation  during  warm  weather  conditions, 
especially  where  the  transformers  carry  load  continuously  on 
power  installations. 

With  regard  to  the  size  of  conduits,  I  think  that  especially 
where  secondaries  are  to  be  run,  and  where  a  three-conductor 
cable  is  advisable,  the  conduit  should  be  at  least  four  inches  in 
diameter.  We  have  had  considerable  difficulty  in  Chicago,  be- 
cause of  the  fact  that  many  years  ago  we  adopted  a  three  and 
one-half  inch  conduit  as  our  standard  size  conduit.  When  we 
get  up  to  the  point  where  we  would  use  large  three-conductor 
20,000-vQlt  cables,  we  are  limited  to  a  diameter  of  three  and 
one-half  inches  in  the  ducts,  and  260,000-cir.  mil  cable  is  the  largest 
we  can  get  into  it.  That  leaves  about  one-quarter  inch  clearance 
which  is  the  least  that  is  practicable,  and  lengths  between  man- 
holes are  limited  to  350  feet  in  order  to  allow  the  cable  to  be 
ptdled  in. 

In  any  case  where  large  low-tension  cables  are  to  be  used  and 
where  three  conductors  are  desirable,  I  would  advise  that  a  4-in. 
conduit  would  be  advisable. 

B.  G.  Beck:  We  have  been  working  with  one  of  these  under- 
ground systems  for  a  long  while.  I  think  when  we  put  in  an 
underground  system  we  should  take  into  consideration  the  con- 
dition of  the  soil.  We  have  one  that  the  hotter  it  gets  the  more 
it  leaks,  and  the  more  it  leaks  the  hotter  it  gets.  A  great  deal 
of  the  heating  depends  on  the  depth  of  the  installation. 

As  pointed  out,  we  should  take  into  consideration  the  prox- 
imity of  the  furnace  gas  mains  and  hot  water  retiun  mains, 
which  may  be  installed,  and  another  trouble  we  got  into  was 
in  following  the  standard  practise  that  ordinary  city  engineers 
used  in  putting  in  their  duct  system.  They  have  really  an 
intermittent  service,  a  period  during  the  day  in  which  their 
heat  goes  into  the  duct  systems,  and  during  the  night  it  can  be 
cooled  off  before  getting  another  big  load  in  the  morning,  and 
adding  more  heat  to  it.  With  our  system,  it  is  a  steady  service, 
six  days  in  the  week,  and  we  add  heat  all  the  time,  and  that 
makes  our  service  quite  different  from  city  service. 

As  to  using  16  or  20  ducts  in  a  line,  I  do  not  believe  I  would 
do  it,  with  the  amount  of  power  we  have  to  use  in  these  ducts. 

In  regard  to  sectionalized  ducts,  it  is  difficult  to  run  the  ducts 
through  the  steel  mill  in  any  case.  In  most  cases  you  have  to 
run  it  between  furnaces,  and  when  you  are  running  from  one 
center  of  distribution  you  cannot  sectionalize  your  ducts. 

We  ought  to  take  into  account  the  effect  of  one  cable  trans- 
mitting trouble  to  another.  I  believe  that  has  been  taken  care 
of  by  these  gentlemen  in  a  very  nice  way. 
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I  have  been  thinking  of  taking  out'  the  old  duct  system,  and 
making  a  runway  through  the  plant,  with  a.  reinforced  cover 
over  it,  and  ventilators  about  every  twenty  ft.,  with  air  ducts 
so  arranged  that  we  can  utilize  a  fan  in  case  of  burnout.  We 
had  a  serious  burnout  some  time  ago  when  the  cables  were  up 
to  120  deg.  cent.,  even  those  cables  which  were  not  carrying 
current. 

With  all  the  troubles  to  which  the  underground  cable  system 
is  incident,  there  is  one  thing  we  must  take  into  account.  We 
have  been  transmitting  about  15,000  kilowatts,  2200  volts, 
underground,  and  we  have  not  had  any  loss  of  life.  The  pre- 
vention of  such  loss  of  life  was  the  primary  object  in  installing 
an  underground  system,  and  we  also  have  not  had  any  motor 
losses  on  accotmt  of  storms  or  lightning.  On  some  overhead 
systems  with  which  I  have  been  connected,  and  on  one  system 
in  particular,  we  had  a  bad  lightning  storm  and  lost  fifteen 
motors  at  one  time.  That  kept  us  busy  for  some  time.  A 
couple  of  those  motors  were  big  ones  on  which  the  plant  depended. 
We  haye  not  had  any  trouble  of  that  kind,  but  have  had  trouble 
with  cables.  Some  of  them  have  been  minor  troubles,  and  only 
one  very  serious  trouble,  and  the  trouble  I  refer  to  now  was  in 
the. case  of  a  cable  which  started  to  go  bad,  and  affected  the 
adjacent  cable,  and  that  affected  the  rest  of  them,  and  we  had 
our  whole  duct  system  hot. 

Regarding  the  running  of  these  wires  underground.  As  was 
pointed  out,  when  you  support  the  individual  cables  on  porce- 
lain insulators,  the  question  of  induction  comes  in,  and  it  is  a 
question  whether  with  large  current  carrying  capacity  we  would 
not  run  into  a  lot  of  trouble  with  this  induction  effect,  it  might 
be  better  to  install  the  lead  covered  cables  in  a  duct  system  where 
you  could  go  into  it  and  ventilate  it  and  get  your  gases  out,  in 
case  they  did  blow  up. 

Barney  W.  Gilson:  I  would  like  very  much  to  hear  something 
from  Mr.  Gear  in  regard  to  the  limitations  as  to  size  of  three- 
conductor  cables.^  It  has  been  my  experience  that  three-con- 
ductor cable§  larger  than  500,000-cm.  are  very  difficult  to  handle 
and  install,  however,  we  now  have  two  500,000-cm.,  3-phase 
cables  in  operation,  and  have  some  700,000-c.m.,  3-phase  cables 
on  order.  These  last  will  be  laid  in  floor  duct,  and  not  pulled 
through  conduit,  as  were  the  500,000-cm.  cables. 

Ludwig  Hommel:  Mr.  Coey's  plan  of  a  tunnel  on  the 
ground  instead  of  under  the  ground,  looks  very  good,  where  it 
is  possible  to  put  up  such  a  structure.  In  fact,  I  had  wondered 
whether  a  conduit  system  with  ducts  laid  on  the  ground  in  a 
few  inches  of  concrete  with  handholes  where  necessary  might 
not  be  feasible  in  mills  having  ground  water  near  the  surface. 

Where  a  tunnel  is  used,  the  cables  should  be  covered  for  their 
entire  length,  just  as  is  done  now  for  the  exposed  part  of  the 
cables  in  the  manholes.  It  would  be  interesting  to  have  Mr. 
Hovey  tell  us  what  is  the  latest  practise,  what  material  is  now 
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used  for  that  purpose.  If  porcelain  insulators  are  used  for 
supporting  the  cables,  the  lead  sheaths  should  be  grounded 
to  avoid  any  possible  danger  to  the  men  handling  or  touching 
the  lead  sheaths. 

The  planning  of  the  manhole  layout  is  important  to  avoid 
unnecessary  crossing  over  each  other  of  cables  in  the  manholes. 
If  a  diagram  is  made  of  each  manhole  before  the  cables  are 
drawn  in,  showing  how  the  cables  will  run  across  ultimately  when 
the  duct  system  is  filled,  it  should  result  in  much  better  work 
and  avoid  trouble  in  the  manholes. 

The  trouble  with  cables,  if  there  is  any,  generally  occurs  in  the 
manholes  where  the  cable  has  to  be  bent — the  bending  of  a 
cable  is  an  operation  that  requires  skill  and  experience.  If  a 
burnout  occurs,  it  is  most  likely  there  to  involve  other  cables. 

I  believe  that  junction  boxes  were  mentioned  in  the  paper. 
It  is  my  experience  that  they  are  a  source  of  trouble,  while 
joints  are  practically  as  safe  as  the  cable  itself. 

I  agree  with  Mr  Hovey  on  the  paper  insulated  cable.  I 
believe  that  it  is  fully  as  reliable  as  rubber  cable  and  the  joints 
are  at  least  as  easily  made,  and  perhaps  more  easily  and  safely 
than  on  rubber  cables. 

George  T.  Street:  There  is  one  point  which  has  been  brought 
out  in  regard  to  manholes:  the  tendency  in  the  past  has  been  to 
make  the  manhole  too  small.  But  there  is  another  point  which 
has  not  been  mentioned,  and  I  think  it  is  important :  the  tendency 
to  make  too  few  manholes.  Each  additional  manhole  means 
additional  jointing,  but  it  means  much  less  liability  of  mechanical 
damage  to  the  cable  in  installing  it  on  account  of  reduction  in 
tension  while  drawing  in,  and  I  think  that  is  one  point  which 
should  be  carefully  considered  in  laying  out  any  conduit  system. 

Fred  H.  WoodhuU:  There  is  one  thing  that  will  have  to  be 
guarded  against  pretty  carefully  in  using  the  tunnel  system. 
The  tendency,  where  the  cables  are  carried  on  concrete  carriers, 
where  they  carry  heavy  currents,  is  to  have  them  clamped  in 
some  way.  They  must  be  held,  due  to  the  ipagnetic  effect.  I 
call  to  mind  an  experience  I  had  some  years  ago  in  connection 
with  central  station  work  in  New  York  City,  where  a  short 
circidt  occurred  back  of  the  switchboard,  causing  some  large 
lead  covered  cables  to  jump  off  of  the  cable  racks.  It  is  a  thing 
which  will  have  to  be  guarded  against. 

A.  F.  Hovey:  In  one  of  the  oldest  and  best  known  methods 
for  fireproofing  cables  in  manholes  against  the  explosion  of  ad- 
jacent cables,  common  rope  and  concrete  are  employed.  The 
former  is  wound  spirally  around  the  cable  with  about  1  in.  separa- 
tion between  the  turns,  and  the  cable  and  rope  are  then  plastered 
with  a  one  to  one  mixture  of  sand  and  cement.  The  rope  pro- 
vides a  rough  surface  to  which  the  concrete  clings  readily  and 
gives  a  slightly  flexible  back-ground,  which  aids  somewhat  in 
preventing  cracking  of  the  fireproofing  under  a  chance  blow. 

The  workmen's  hands  have  proved  to  be  better  than  any  tool 
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for  applying  the  cement  for  this  type  of  covering.  As  far  as  the 
fireproofing  qualities  alone  are  concerned,  this  covering  is  satis- 
factory, but  its  removal  presents  a  formidable  task.  Efforts  to 
reduce  this  difficulty  have  been  made  by  placing  the  turns  of 
rope  closer  together  and,  except  for  the  fact  that  rope  is  now 
rather  expensive,  this  method  of  protecting  cable  is  fairly 
satisfactory. 

Another  method  of  fireproofing  is  that  in  which  asbestos  mill- 
board, cut  into  3-in.  strips,  is  wound  around  the  cable  and  held 
in  place  by  a  fire  proof  paste,  silicate  of  soda.  This  covering 
proved  satisfactory  as  long  as  the  manholes  remained  dry,  but 
if  w'ater  ran  in  and  covered  the  cables,  the  silicate  was  dissolved 
and  the  asbestos  loosened,  dropping  from  the  cable.  Recently, 
on  account  of  the  difficulty  in  obtaining  deliveries  of  asbestos 
millboard,  asbestos  listing,  a  woven  material  with  a  selvage  has 
been  substituted.  This  material  can  be  purchased  in  the  form 
of  3-in.  tape  and  wound  spirally  around  the  cable,  and  the  sili- 
cate of  soda  covering  is  used  to  hold  it  in  place. 

When  material  as  expensive  as  asbestos  is  used  for  fireproofing 
cables,  some  provision  should  be  made  for  salvaging  the  covering 
when  it  is  removed  from,  the  cable.  A  simple  and  inexpensive 
way  of  doing  this  is  first  to  wrap  the  lead  sheath  of  the  cable  with 
strips  of  cheesecloth  dipped  in  paraffine.  One  layer  of  cheese- 
cloth is  stifficient.  Then  when  repairs  are  necessary,  the  as- 
bestos can  be  separated  easily  from  the  paraffined  cloth  and 
taken  off  in  long  strips.  If  these  strips  of  asbestos  are  carefully 
rolled  backward  during  removal,  they  can  be  preserved  and 
reapplied. 

In  what  is  perhaps  the  most  recent  method  of  fireproofing 
underground  cables,  a  layer  of  paraffined  cheesecloth  is  wound 
around  the  sheath  and  over  this  metal  lath,  covered  with  cement 
and  cut  into  strips,  is  spirally  wound.  The  cloth  is  applied  as 
described  above,  simply  to  aid  in  removing  the  covering.  The 
metal  lath  used  is  a  wire  mesh  covered  with  brick-clay  put  on 
under  pressure  and  baked,  the  resultant  product  being  a  web  of 
small  briquettes  which  can  be  applied  the  same  as  any  wire  or 
expanded  metal  lath.  This  makes  an  excellent  foundation  for 
the  cement  mortar,  as  it  is  porous  and  flexible.  The  cement  can 
be  applied  with  a  trowel  or  by  hand,  forming  the  covering  into 
a  homogeneous  mass.  While  this  type  of  covering  is  somewhat 
more  difficult  to  install  than  the  asbestos  covering,  it  is  consider- 
ably less  expensive,  as  calculated  from  the  prevailing  prices  of 
material.  It  can  easily  be  removed  by  breaking  the  cement 
covering  with  a  hammer  and  cutting  the  metal  lath  with  tinner's 
snips. 

Whatever  covering  is  applied  should  be  considered  good  in- 
surance against  both  mechanical  and  electrical  trouble.  The 
added  application  of  paraffined  cheesecloth  under  any  of  these 
types  of  covering  insures  the  lead  sheath  against  damage  at  the 
time  the  covering  is  removed  for  changes  in  the  manhole  cables. 
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I  would  add  one  more  point  in  regard  to  the  fireproofing.  In 
constructing  the  manholes,  the  scheme  of  putting  in  slate  slabs 
to  carry  the  cable  and  the  joint  through  the  manholes,  particu- 
larly in  the  oblong  or  egg-shaped  type,  seems  to  be  a  particularly 
desirable  addition  to  the  conduit  system  itself.  It  gives  a  good 
support,  whether  the  cables  are  wrapped  or  not,  from  one  mouth 
of  the  duct  to  the  other  side.  It  saves  putting  in  a  lot  of  hangers, 
and  can  be  installed  by  putting  in  T-irons  along  the  wall  and 
the  stone  or  slate  slab  can  be  in  three  pieces,  one  long  piece- 
under  the  joint,  and  a  section  on  each  side  of  the  joint,  and- 
furnishes  a  good  protection  from  one  cable  to  the  other. 

T.  E.  Tynes:  One  speaker  brought  up  the  question  o^pthe 
number  of  manholes  to  install  for  the  duct  line.  Be  sure  .to  get 
enough.  In  oiu*  new  lines  we  do  not  bring  out  all  cables  in  the 
same  manholes,  but  only  bring  out  one-half  to  alternate  man- . 
holes.  If  we  lose  one  set  of  cables  in  a  manhole,  we  are  only 
incapacitated  to  half  the  capacity  of  our  cables. 

We  have  also  used  the  method  of  wrapping  asbestos  tape 
around  them  to  protect  them  in  case  of  a  ground,  and  that  is 
effective  except  where  there  is  gas  in  the  manhole.  We  have 
had  several  bad  fires  due  to  leaky  gas  mains  near  the  conduit 
line,  and  the  system  would  fill  up  with  gas,  and  that  gas  would 
destroy  anything  put  in. 

If  a  partial  ground  occurs  on  one  of  the  cables,  the  asbestos 
covering  in  the  case  of  dry  manholes  is  sufficient  protection,  but 
this  will  not  work  where  there  is  dampness. 

H.  B.  Gear:  In  regard  to  the  subject  of  cable  protection,  we 
have  used  the  rope  and  cement  wrapping  in  Chicago  for  several 
years  now,  and  I  think  we  have  avoided  the  trouble  Mr.  Hovey 
spoke  of,  (of  having  the  cement  stick  too  tightly  to  the  lead 
sheaths)  by  using  rather  more  rope  than  he  described,  that  . 
is,  wrapping  the  rope  so  that  the  spirals  almost  touch  each 
other.  There  has  been  little  difficulty  in  breaking  off  the 
rope  and  cement  when  it  was  desirable  to  get  at  the  cable  to  do 
work  on  it. 

There  was  one  point  raised  about  the  maximum  number  of 
ducts  referred  to — twenty  ducts.  I  might  explain,  further,  that 
when  anything  over  perhaps  nine  ducts  or  ten  ducts  is  put  into 
one  line,  it  is  the  practise  in  Chicago  to  separate  the  conduit 
system  into  two  halves  by  putting  three  inches  of  concrete  be- 
tween the  two  ducts  on  one  side  and  the  two  ducts  on  the  other 
side,  never  putting  more  than  four  ducts  in  any  horizontal  row, 
and  no  duct  is  more  than  one  duct  away  from  the  outside  earth, 
from  radiation.  This  additional  barrier  of  concrete  between  the 
two  halves  of  the  system  is  then  carried  into  divided  manholes  . 
where  the  number  of  cables  is  sufficient  to  fill  the  duct  system, 
and  not  more  than  eight  or  ten  cables  in  that  way  go  into  any 
one  manhole.  The  manholes  are  built  in  a  staggered  form,  one- 
half  of  the  conduit  system  going  into  one  and  the  other  half 
into  the  other. . 
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In  the  vicinity  of  power  houses,  where  large  numbers  of  cables 
must  be  brought  out,  this  problem  was  solved  in  our  most 
recent  installation  by  the  use  of  24-duct  runs.  These  24-duct 
runs  came  out  of  three  or  four  different  busses,  and  fanned  out 
into  4-duct  lines,  going  to  a  series  of  manholes  which  led  out 
from  three  different  conduit  systems.  Three  conduit  systems 
went  in  different  ways  to  the  station,  and  by  doubling  the  man- 
holes on  each  of  the  conduit  systems,  and  fanning  out  a  group 
of  4  from  each  of  the  24  into  the  manhole,  all  of  the  cross-overs 
were  taken  care  of  underground  and  a  system  was  devised  by 
which  a  cable  could  be  brought  into  any  conduit  system  or  by 
which  we  have  no  cross-over  in  any  manhole. 

With  regard  to  the  maximum  size  of  conductor  which  might 
be  put  into  a  3-conductor  cable,  I  do  not  know  that  I  can  answer 
the  question  specifically.  I  have  known  of  cables  as  large  as 
600,000-cir.  mils  being  used.  The  real  limit,  I  think,  as  I  stated 
before,  is  in  the  size  of  the  conduit  which  is  used.  With  a 
4-inch  conduit  system,  I  think  there  will  be  no  difficulty  in 
using  three  600,()00-cir.  mils  or  possibly  three  760,000-cir.  mils 
conductors  in  one  three-conductor  cable. 

In  reference  to  using  a  tunnel  large  enough  for  men  to  walk 
through,  I  would  be  inclined  to  think  it  would  be  preferable, 
even  if  such  tunnels  were  used  for  low-tension  cables,  to  use 
3-conductor  cables  carried  on  a  rack  rather  than  to  use  single 
cables  carried  on  separate  racks  which  would  necessarily  have  to 
be  three  or  four  inches  apart.  The  inductive  effect  as  well  as 
the  safety  of  installation,  would  be  bettered  by  the  use  of  three- 
conductor  cables. 
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STEEL  CONDUCTORS  FOR  TRANSMISSION  LINES 


BY    H.  B.  DWIGHT 


Abstract  of  Paper 


The  electrical  tests  of  some  steel  conductors  of  moderately 
large  size  have  been  published,  and  they  indicate  that  there 
is  an  opening  for  the  profitable  use  of  steel  cables  on  the  branch 
lines  of  power  systems  of  all  voltages,  in  the  same  way  that 
small  steel  conductors  have  already  been  used  on  branch  lines 
at  low  voltages.  Mechanical  weakness  or  corona  loss  prohibits 
the  use  of  small  copper  or  aluminum  conductors  in  many  cases, 
and  so  steel  becomes  preferable. 

Steel  cables  will  not  generally  be  economical  on  main  trans- 
mission lines,  except  for  long  spans,  and  for  high  attitudes  where 
corona  is  excessive.  They  may  be  advisable  as  bare  conductors 
for  direct -current  railway  feeders.  They  deteriorate  more  rapidly 
than  copper  conductors. 

Steel  cables  for  alternating  current  should  be  finely  stranded 
and  the  different  groups  of  wires  should  be  spiraled  in  opposite 
directions.  Fortunately,  medium-priced  grades  of  steel  give 
better  results  with  alternating  current  than  some  more  expensive 
grades.  The  characteristic  increase  of  resistance  and  reactance 
with  increase  of  current  or  frequency  may  be  valuable  for  limit- 
ing lightning  and  switching  surges  and  short-circuit  currents. 

As  there  are  large  differences  in  electrical .  characteristics 
between  different  grades  of  steel,  it  is  desirable  that  tests  of 
medium  priced  steel  cables  manufactured  in  America  be  made 
and  published,  so  that  the  data  can  be  used  in  the  designing 
of  transmission  lines. 


THE  RESULTS  of  a  number  of  tests  of  the  electrical  prop- 
erties of  steel  wires  and  cables  when  used  as  conductors 
of  alternating  current,  have  been  published.  Although  these 
tests  are  incomplete,  especially  as  regards  the  use  of  steel  con- 
ductors in  America,  they  show  some  attractive  possibilities, 
from  both  commercial  and  engineering  points  of  view,  for  the 
use  of  steel  instead  of  copper  in  certain  classes  of  work. 

Attention  is  here  called  to  the  peculiar  properties,  the  ad- 
vantages and  disadvantages,  of  steel  conductors,  in  order  to 
point  out  the  advisability  of  making  complete  tests  of  American 
grades  of  steel,  so  that  electric  power  companies  may  make  use 
of  this  material  for  the  cases  where  it  proves  economicaUfind     , 
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advisable  for  transmission-line  work.  Already,  small  sizes  of 
steel  conductors  have  been  used  with  success  in  America,  and 
this  practise  may  be  extended  by  a  knowledge  of  the  character- 
istics of  large  steel  cables. 

As  is  well  known,  the  resistance  of  an  iron  or  steel  conductor 
is  considerably  greater  for  alternating  current  than  for  direct 
current.  This  is  partly  due  to  the  skin  effect,  that  is,  the  crowd- 
ing of  the  alternating  current  to  the  outside  parts  of  the  con- 
ductor by  the  alternating  magnetic  flux  in  the  conductor,  and 
partly  to  hysteresis,  or  iron  loss,  caused  by  the  alternating  mag- 
netic flux  in  the  steel.  In  the  case  of  copper  or  aluminum  trans- 
mission-line conductors  of  usual  size,  the  skin  effect  increases 
the  effective  resistance  only  one  or  two  per  cent  and  so  is  practi- 
cally negligible.  But  in  the  case  of  iron  or  steel  conductors, 
the  flux  has  a  magnetic  path,  and  so  attains  a  value  from  20  to 
several  hundred  times  as  great  as  in  a  non-magnetic  conductor. 
The  result  is  that  the  skin  effect  is  very  pronounced  and  the 
effective  resistance  is  increased  by  a  large  amount,  in  some  cases 
by  100  or  200  per  cent  or  more.  However,  the  conclusion  should 
not  be  assumed  that  steel  cables  are  unsuitable  for  alternating 
currents.  The  tests  so  far  published  go  to  show  that  it  is  as 
necessary  for  an  iron  a-c.  conductor  to  have  fine  strands  as 
for  an  iron  core  to  have  thin  laminations.  The  tests  also  indicate 
that  if  the  strands  are  moderately  fine  and  are  properly  put 
together,  the  increase  of  resistance  at  25  or  60  cycles  may  be 
kept  down  to  a  reasonably  small  percentage.  This  is  shown  in 
Figs.  1  to  6. 

The  curves  shown  with  this  paper  have  been  derived  from 
test  curves  published  in  the  Elektrotechnische  Zeiischrifi  of 
January  28,  1915.  They  refer  for  the  most  part  to  a  grade  of  steel 
or  iron,  called  H-oo,  which  is  a  mediiun  grade  recommended  in  the 
above  article  for  alternating-current  work.  That  its  cost  is 
reasonably  low  is  indicated  by  the  fact  that  two  other  grades 
of  steel  were  tested,  each  stated  to  be  purer  and  more  expensive, 
and  also  to  have  greater  skin  effect,  than  the  grade  H-oo. 
Although  the  purep:  material  has  higher  conductivity  for  direct 
current,  it  has  also  greater  permeability  to  magnetism,  which 
is  a  disadvantage.  Thus  the  cheaper  grade  was  found  to  be 
more  suitable  for  a-c.  work.  The  same  conclusion  was  also 
stated  in  a  recent  bulletin.  No.  252  of  the  Bureau  of  Standards, 
Washington,  D.  C,  by  J.  M.  Miller,  who  found  that  of  the  wires 
tested,  the  grade  with  the  highest  resistance  to  direct  current 
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had  the  lowest  resistance  to  alternating  current,  and  was  also 
the  least  expensive.  The  tests  on  American  steel  wire  described 
in  the  above  bulletin  show  somewhat  less  skin  effect  than  that 
of  grade  H-oo  steel  wires. 

The  tests  on  grade  H-oo  steel  were  originally  expressed  in 
centimeter  units  and  were  made  at  50  cycles.  The  curves  have 
been  rearranged  for  English  units  and  for  60  and  25  cycles,  and 
put  on  a  base  of  amperes  per  cable,  so  as  to  apply  to  American 
transmission-line  conditions.  The  Bureau  of  Standards'  tests 
described  in  Bulletin  No.  252  show  that  at  commercial  frequen- 
cies the  increase  of  resistance  is  approximately  proportional  to 
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Fig.   1 — Resistance  Curves — 60  Cycles — 49-Wire  Cables — Grade 
*  H-oo  Steel 

the  frequency,  and  this  property  was  made  use  of  in   making 
the  above  transformations. 

The  curves  of  internal  reactance  of  steel  cables  published 
in  the  article  referred  to  above,  are  shown  in  Fig.  7.  These 
curves  do  not  refer  to  grade  H-oo  steel,  but  to  a  grade  of  higher 
permeability.  This  grade,  as  shown  by  resistance  curves  in 
the  original  article,  has  more  increase  of  resistance  than  grade 
H-oo,  for  the  same  size  and  stranding  of  cable.  Presumably, 
therefore,  grade  H-oo  would  have  somewhat  lower  values  of 
reactance  than  those  of  Fig.  7.  The  tests  show  that  the  resis- 
tance curve  and  the  reactance  curve  of  a  given  cable  reach 
their  maxima  at  about  the  same  value  of  current.  It  is  of  inter- 
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est  to  note  that  increasing  the  number  of  wires  in  a  cable  de- 
creases the  reactance,  while  increasing  the  size  of  the  wires 
increases  the  reactance,  according  to  the  examples  in  Pig    7. 
The  d-c.  resistance  of  each  cable  is  given  in  Fig.  7,  and  the 
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Fig.    3 — Resistance    Curves — 60   Cycles — 7-Wire    Cables — Grade 

H-oo  Steel 

maximum  a-c.  resistance  will  be  about  twice  as  great,  accord- 
ing to  Figs.  1  to  6.  From  the  results  shown  in  Fig.  7,  the  internal 
reactance  at  60  cycles  and  at  any  current  may  be  taken  as  being 
about  75  per  cent  of  the  a-c.  resistance  at  the  same->current  ^ 
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in  the  absence  of  more  complete  data.  The  external  reactance 
should  be  taken  from  regular  transmission-line  tables  and  added 
to  the  internal  reactance  to  yive  the  total  reactance.  The 
above  is  the  method  by  which  the  examples  at  the  end  of  this 
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Fig.  4 — Resistance  Curves — Grade  H-oo  Steel  Wires —  60  Cycles 
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Fig.   5 — Resistance  Curves — 25  Cycles — 49-Wire  Cables — Grade 

H-oo  Steel 


paper  have  been  worked.  It  is  merely  approximate,  and  the 
caution  should  be  given  that  for  practical  designing,  test  curves 
of  the  resistance  and  reactance  of  the  actual  type  of  cable  to 
be  used  should  be  employed. 
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Another  point  brought  out  by  the  tests  in  the  Etektroiech- 
nische  Zeiischrift  is  that  a  large  part  of  the  magnetization  is 
caused  by  the  spiraling  of  the  wires  in  a  cable,  and  if  the  spiml- 
ing  of  the  different  groups  of  wires  is  properly  reversed,  the 
increase  in  effective  resistance  can  be  reduced  as  much  as  one- 
half.  Actual  examples  of  this  are  shown  in  Fig.  8.  Thus  if  the 
spiraling  of  one  layer  of  wires  is  clockwise,  the  spiraling  of  the 
next  layer  should  be  counter-clockwise.  Also,  in  a  cable  made 
up  of  several  strands,  the  spiraling  of  the  wires  in  each  strand 
should  be  opposite  to  the  spiraling  of  the  strands  in  the  cable. 
In  Figs.  1  to  6,  the  cables  are  assumed  to  have  the  spiraling 
reversed  as  much  as  possible.    Since  spiraling  produces  so  strong 
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Fig.    6 — Resistance    Curves — 25    Cycles — 7-Wire    Cables — Grade 

H-oo  Steel 


an  effect,  the  pitch  of  the  spiral  should  be  as  long  as  possible 
without  endangering  the  strength  of  the  cable. 

The  curves  accompanying  this  paper  show  that  iron  and  steel 
conductors  have  the  peculiar  property  that  the  effective  resistance 
and  reactance  increase  to  a  maximum  as  the  current  is  increased, 
and  then  decrease.  This  is  due  evidently  to  the  iron  becoming 
saturated  so  that  the  flux  and  the  iron  loss  do  not  increase  as 
before  in  proportion  to  the  current.  In  most  cases,  especially 
with  the  larger  cables,  the  decrease  is  very  slow  and  the  resistance 
maintains  approximately  its  maximtun  value  for  most  large  values 
of  current .  This  property  should  prove  useful  in  transmission-line 
work,  for  the  conductor  will  have  a  low  impedance  to  the  normal 
load  current,  but  will  have  about  twice  as  much  impedance  to 
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the  current  flowing  in  case  of  a  short  circuit.  The  impedance  will 
also  be  large  to  high-frequency  surges  caused  by  switching  or 
lightning.  It  may  prove  more  economical  in  certain  cases  to 
protect  a  line  against  short  circuits  and  surges  by  using  steel 
conductors  than  by  in^alling  current-limiting  reactors  or  by 
increasing  the  reactance  of  the  transformers. 

This  property  may  also  be  of  use  in  the  case  of  feeders  of 
direct-current  interurban  railways.  If  the  feeder  be  a  steel 
cable  it  will  have  low  resistance  to  direct  current,  but  high  im- 
pedance to  alternating  currents.    It  will  therefore  tend  to  damp 
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Fig.   7 — Internal   Reactance   Curves — 60   Cycles — Grade   S.S.W 

Steel 


out  the  suddenness  of  short  circuits,  and  lightning  surges,  which 
cause  synchronous  converters  and  generators  to  flash  over.  That  . 
there  is  need  of  taking  precautions  against  flash-overs  in  this 
way  is  shown  by  the  fact  that  it  has  already  become  the  practise 
to  make  the  nearest  connection  between  a  feeder  and  the  trolley 
wire  several  thousand  feet  from  a  synchronous  converter  or 
generator  so  that  the  latter  will  be  protected  by  the  resistance 
of  a  long  stretch  of  feeder  in  case  of  surges  or  short  circuits.* 

•The  Relation  of  Trolley- Feeder  Taps  to  Machine  Flash- Overs,  by 
Chas.  H,  Smith,  The  Electric  Journal,  January,  1916. 
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If  the  feeder  be  made  of  steel,  and  especially  if  the  stranding 
be  coarse,  the  required  protection  will  be  still  more  complete. 
Steel  conductors  would  probably  be  economical  only  where  it 
is  allowable  to  use  bare  cables,  for  the  large  size  of  steel  cables 
compared  with  copper  ones  would  greatly  increase  the  cost  of 
the  insulating  covering. 

The  higher  conductivity  of  steel  for  direct  current  than  for 
alternating  current  makes  the  use  of  bare  steel  cables  for  d-c. 
feeders  more  economical  than  for  a-c.  lines.  A  steel  cable  has 
about  eight  times  as  much  resistance  to  direct  current  as  a  copper 
cable  of  the  same  size,  and  therefore  seven  times  as  much  resis- 
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tance  as  a  copper  cable  of  the  same  weight,  since  copper  is  more 
dense  than  steel.  But  galvanized  steel  cables  usually  cost  less 
than  1/7  as  much  as  copper  cables  per  pound,  and  so  should  be 
more  economical,  other  things  being  equal. 

Steel  cables  have  frequently  been  used  on  transmission  lines 
for  long  spans  up  to  3000  feet  or  more.  In  some  cases  the  steel 
cable  has  been  the  support  for  a  copper  conductor,  but  in  many 
cases  the  steel  cable  itself  has  carried  the  electric  current.  Such 
applications  are  of  such  a  short  length  compared  with  the  entire 
transmission  line  that  they  have  been  chosen,  not  because  of  a 
comparison  of  the  cost  and  conductivity  of  steel  and  copper,  but 
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because  copper  or  aluminum  would  be  too  weak  for  such  long 
spans,  and  a  much  stronger  material,  like  steel,  was  absolutely 
necessary  in  order  that  the  transmission  line  should  be  mechan- 
ically safe. 

Another  application  of  steel  conductors  which  has  already  met 
with  success  is  for  small  size  conductors,  as  mentioned  in  the 
second  paragraph .  Here  again  it  has  not  been  the  relative  conduc- 
tivity, but  the  greater  tensile  strength,  which  has  induced  the 
choice  of  steel  rather  than  copper.  It  is  not  the  practise  to  use 
a  smaller  copper  wire  than  No.  6  (0.162  in.  or  4  mm.  diameter) 
for  overhead  lines,  because  any  smaller  copper  wire  would  be 
mechanically  too  weak.  But  it  is  often  profitable  to  supply  a 
small  load  at  a  distance  of  several  miles,  which  would  require 
only  a  fraction  of  the  conductivity  of  a  No.  6  copper  wire,  and 
in  such  cases  a  No.  8  or  larger  steel  conductor  has  been  found 
to  have  sufficient  conductivity  and  mechanical  strength,  and 
to  cost  much  less  than  No.  6  copper. 

According  to  a  description  recently  published,*  a  large  60- 
cycle  power  system  in  the  State  of  Washington  makes  use  of  a 
considerable  quantity  of  No.  8  iron  wire  for  short  tap-off s  and 
lightly  loaded  branch  lines  on  6600-volt  circuits,  without  serious 
trouble  resulting  from  voltage  drop.  This  iron  wire  is  of  course 
far  cheaper  than  No.  6  copper.  One  line  built  by  the  above 
company  is  an  example  showing  that  it  may  be  profitable  to 
supply  a  surprisingly  small  load  at  a  distance  of  several  miles. 
This  line  is  10  miles  long  and  was  originally  built  with  No.  8 
copper  clad  steel  to  supply  a  50  h.p  motor  load  at  6600  volts. 
The  line  afterward  carried  110  h.p.  for  some  time  and  was  later 
changed  to  No.  6  copper  in  order  to  have  a  capacity  for  a  still 
greater  load. 

An  example  from  Minnesota  shows  the  use  of  a  somewhat 
larger  steel  conductor.  This  line  operates  at  40,000  volts,  60 
cycles,  and  is  20  miles  long.  No.  4  galvanized  steel  cable,  made 
of  3  wires,  is  used.    The  load  is  about  300  kv-a. 

The  above  examples  show  that  a  power  company  can  build 
up  new  loads  by  sending  out  to  considerable  distances  numerous 
inexpensive  lines,  using  small  steel  conductors.  The  cheapness  of 
the  lines  and  of  the  outdoor  transformers  makes  a  very  small  load 
profitable,  and  the  chances  of  obtaining  larger  loads  are  increased 
by  building  lines  into  new  territory.     Most  of  the  small  steel 

*The  Elearical  World,  p.  469,  Aug.  28,  1915.  See  also  similar  exam- 
pies  described  in  the  Electrical  World,  p.  820,  April  8,  1916. 
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conductor  lines  appear  to  use  solid  wire  of  the  kind  which  has 
been  developed  and  sold  for  telegraph  and  telephone  work, 
but  a  stranded  cable  would  seem,  according  to  the  tests  referred 
to  in  this  paper,  to  be  more  suitable  for  a-c.  transmission  of  power. 

A  line  with  small  conductors,  where  steel  is  cheaper  to  employ 
than  the  minimum  size  of  copper,  is  described  in  Example  I. 
Here,  a  seven-mile  steel  line  can  be  designed  for  75  kv-a.,  but  the 
smallest  copper  line  that  can  be  designed  would  be  rated  at 
750  kv-a.  Thus,  while  the  poles  and  insulators  will  be  the  same 
in  both  cases,  the  steel  conductors  will  cost  only  $220  against  a 
cost  of  $2600  for  copper.  It  is  this  large  difference  in  cost  which 
has  been  the  main  reason  for  using  steel  conductors  on  the  branch 
lines  of  the  power  systems  previously  mentioned.  This  difference 
in  cost  of  course  is  greatest  when  the  price  of  copper  is  highest. 

Besides  being  cheaper  than  the  copper  cable  for  small  branch 
lines,  the  steel  cable  has  the  advantage  of  being  mechanically 
stronger  and  less  liable  to  be  burned  through  by  arcs.  The  steel 
line  has  therefore  greater  reliability  at  times  of  wind  and  sleet 
storms  and  at  times  of  electrical  breakdown  or  trouble.  Steel 
cables  are  subject  to  the  disadvantage  that  their  useful  life  is 
shorter  than  that  of  copper  cables,  especially  near  the  sea-coast, 
where  galvanized  steel  is  more  quickly  oxidized. 

Example  I  shows  also  the  advantage  of  using  fine  stranding. 
The  seven-wire  steel  cable  gives  9.6  per  cent  drop,  while  a  solid 
steel  wire  of  the  same  cross  section  has  12.5  per  cent  drop  at  the 
given  load,  according  to  the  tests  of  grade  H-oo  steel. 

Examples  II  and  III  show  comparisons  at  60  and  25  cycles 
between  steel  and  copper  conductors  in  regular  transmission  line 
work  where  the  conditions  are  equal  for  competition  between  the 
two  materials.  The  price  of  ^copper  cable  per  pound  may  be 
assumed  as  being  10  times  that  of  galvanized  steel  cable.  This 
ratio  is  a  usual  one,  being  approximately  true  for  times  of  low 
prices  of  metals  as  well  as  times  of  high  prices.  The  lack  of 
data  on  the  reactance  of  a  'steel  transmission  line  makes  com- 
parisons somewhat  uncertain,  but  from  the  available  data  it 
seems  probable  that,  considering  the  line  complete  with  towers 
and  insulators,  it  will  cost  for  60  cycles  quite  as  much  to  use 
steel  conductgrs  as  copper,  for  heavy  transmission-line  work, 
where  the  extra  weight  of  steel  cables  is  troublesome.  For  25 
cycles  there  may  be  a  saving  by  using  steel.  However,  there 
are  many  cases  where  the  extra  strength  and  size  of  steel  cables 
are  advantageous,  and  so  at  present  the  chief  attention  should 


Digitized  by  LjOOQ IC 


19161  D WIGHT:   STEEL   CONDUCTORS  1247 

be  given  to  the  classes  of  work  where  steel  can  show  other 
advantages  than  merely  low  cost  on  a  basis  of  carrying  capacity  . 
for  alternating-current  power. 

A  transmission  voltage  of  100,000  or  more  is  now  fairly  com- 
mon. It  is  also  a  matter  of  observation  that  the  cost  of  high- 
tension  substations  of  the  above  v^^ltage  is  decreasing,  especially 
where  outdoor  substations  are  used.  It  is  not  possible  to  use  a 
small  copper  or  aluminum  conductor  on  a  100,000-volt  line  on 
account  of  corona  loss,  as  is  indicated  by  the  corona  limits  of 
voltage  given  in  examples  II  and  III.*  Therefore  the  phe- 
nomenon of  corona  puts  a  limitation  on  the  smallest  allowable 
conductor  of  a  100,000-volt  branch  line,  in  exactly  the  same  way 
that  mechanical  strength  fixes  the  minimum  size  of  wire  for  a 
low-voltage  line,  as  previously  described.  Therefore,  steel  con- 
ductors have  an  opening  for  use  on  branch  lines  supplying  a 
few  thousand  kv-a.  on  net  works  of  100,000  volts  and  higher. 
This  is  especially  true  in  mountainous  districts,  where  corona 
limits  of  voltage  are  lower,  and  where  the  other  advantages  of 
steel  lines,  namely  mechanical  strength  and  ability  to  resist 
burning  by  high-tension  arcs,  are  especially  valuable.  In  rugged 
country,  also,  the  long  spans  permissible  with  steel  cables  may 
often  save  detours,  and  shorten  the  distance  of  transmission. 
There  is  also  the  probability,  previously  mentioned,  that  where 
steel  conductors  are  employed,  lightning  and  switching  surges 
will  be  damped  out  more  than  where  copper  conductors  are  used. 

In  conclusion,  it  has  been  shown  that  large  steel  cables,  if 
properly  manufactured,  can  be  used  for  carrying  alternating 
currents.  It  appears  that  the  chief  opportunity  for  the  use  of 
steel  conductors  is  on  branch  lines,  where  the  size  of  copper 
required  merely  for  the  electrical  load  would  be  too  small  to 
use.  However,  in  all  cases,  steel  conductors  will  be  nearly  as 
cheap  as  copper  ones,  if  not  more  so,  and  the  use  of  steel  will 
always  increase  the  reliability  of  the  transmission  system, 

EXAMPLE  I 

Length  of  line 7  miles 

Voltage  at  receiver 11,000  volts 

Frequency 60  cycles 

Power  factor  of  load 86  per  cent 

Phases 3 

•These  limits  have  been  calculated  according  to  the  tables  in  "Dielec- 
tric Phenomena,"  by  P.  W.  Peek,  Jr.,  page  210,  McGraw-Hill  Book  Co., 
New  York,   1916. 
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A.  Conductor 7-wire  steel  cable 

Size 25,000  cir.  mils 

Diameter  of  cable 0.18  inches 

Diameter  of  wires 0.06  inches 

Resistance  per  mile  at  full  load 17.6  ohms 

Full  load 76  kv-a. 

Voltage  drop  at  full  load 9.6  per  cent 

Weight  of  conductors 7300  pounds 

Cost  of  steel  cables  at  3  cents  per  lb $220 

B.  Conductor Single  steel  wire 

Size •      25,000  cir.  mils 

Diameter 0.168  inches 

Resistance  per  mile  at  full  load 23  ohms 

Full  load 76  kv-a. 

Voltage  drop  at  full  load 12.6  per  cent 

Weight  of  conductors 7300  pounds 

Cost  of  steel  wires  at  3  cents  per  lb $220 

C.  Conductor Single  copper  wire 

Size No.  6,  26,260  cir.  mils 

Diameter 0.162  inches 

Resistance  per  mile 2.14  ohms 

Full  load 750  kv-a. 

Voltage  drop  at  full  load 9.6  per  cent 

Weight  of  conductors 8800  pounds 

Cost  of  copper  wires  at  30  cents  per  lb $2600 

EXAMPLE   II 

Length  of  line 76  miles 

Voltage  at  receiver 60,000  volts 

Frequency 60  cycles 

Phases 3 

Power  factor  of  load 86  per  cent 

A,  Number  of  circuits 2 

Conductor 49-wire  steel  cable 

Size 400,000  dr.  mils 

Diameter  of  cable 0.81  inches 

Diameter  of  wires 0.09  inches 

Full  load  per  circuit 2600  kv-a. 

Resistance  per  mile  at  full  load 1.16  ohms 

Voltage  drop  at  full  load 9.6  per  cent 

Weight  of  conductors  for  two  circuits. 2,510,000  pounds 

Corona  limit  for  operating  voltage  at  1000 

ft.  above  sea  level 164.000  volts 

Sustained  short  circuit  kv-a.  at  full  gener- 
ator voltage,  transformers  with  6  per 
cent  reactance  being  included  at  each 

end 4.4  times  full  kv-a 

B.  Number  of  circuits 1 

Conductor «  49-wire  steel  cable 

Size 1,000,000  cir.  mils 
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Diameter  of  cable 1.28  inches 

Diameter  of  wires 0.143  inches 

FuU  load 5.000  kv-a. 

Resistance  per  mile  at  full  load 0.54  ohms 

Voltage  drop  at  full  load 10.9  per  cent 

Weight  of  conductors 3,140,000  pounds 

Corona  limit  for  operating  voltages^  at  1000 

ft.  above  sea  level 230,000  volts 

Sustained  short  circuit  kv-a.  at  full  gener- 
ator voltage,  transformers  with  5  per 
cent  reactance  being  included   at  each 

end 3.8  times  full  kv-a. 

C.     Number  of  circuits 1 

Conductor 7- wire  copper  cable 

Size No  1,  83,700  cir.  mils 

Diameter  of  cable 0.328  inches 

Resistance  per  mile 0.678  ohms 

Full  load 5,000  kv-a. 

Voltage  drop  at  full  load 10.7  per  cent 

Weight  of  conductors 300,000  pounds 

Corona  limit  for  operating  voltages,  at  1000 

ft.  above  sea  level 85,000  volts 

Sustained  short  circuit  kv-a.  at  full  gener- 
ator voltage,  transformers  with  5  per 
cent  reactance  being  included   at  each 

end 4.8  times  full  kv-a. 

EXAMPLE   III 

Length  of  line 100  miles 

Voltage  at  receiver 60,000  volts 

Frequency 25  cycles 

Phases 3 

Power  factor  of  load 85  per  cent 

A.  Conductor 49-wire  steel  cable 

Size 700,000  cir.  mils 

Diameter  of  cable 1.08  inches 

Diameter  of  wires 0.12  inches 

Resistance  per  mile  at  full  load 0.68  ohms 

Full  load 4,  000  kv-a. 

Voltage  drop  at  full  load 10.2  per  cent 

Weight  of  conductors 2,930,000  pounds 

Corona  limit  for  operating  voltage  at  1000 

ft.  above  sea  level 215,000  volts 

Sustained  short  circuit  kv-a.  at  full  gener- 
ator voltage,  transformers  with  5  per 
cent  reactance  being  included  at  each 

end 4.7  times  full  kv-a. 

B.  Conductor 7-wire  copper  cable 

Size No.  2,  66,400  cir.    mils 

Diameter  of  cable 0.292  inches<^            t 
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Resistance  per  mile 0.856  ohms 

FuU  load 4000  kv-a. 

Voltage  drop  at  full  load 10.2  per  cent 

Weight  of  conductors 316,000  pounds 

Corona  limit  for  operating  voltage  at  1000 

ft.  above  sea  level 76,000  volts 

Sustained  short  circuit  kv-a.  at  full  gener- 
ator voltage,  transformers  with  5  per 
cent  reactance  being  included  at  each 
end * 5.6  times  full  k-va. 
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Discussion  on  **Steel  Conductors  for  Transmission  Lines" 
(Dwight)  Chicago,  September  20,  1916. 

Robt.  E.  Doane:  Mr.  Dwight  has  presented  to  us  a  compara- 
tively new  subject  which  has  been  little  discussed  by  the  en- 
gineering world  in  the  past  and  which  is  of  interest  because  of  the 
possibiUty  developed  in  certain  directions.  We  would  point  out, 
however,  as  Mr.  Dwight  himself  states,  that  the  application  is 
limited  to  certain  special  cases. 

There  are  four  general  classes  of  service  in  which  steel  wire 
might  be  used  to  advantage. 

1 .  Trolley  wire. 

2.  Very  lightly  loaded  high-voltage  lines,  which  are  not  long. 

3.  Very  high-voltage  power  transmission  lines  where  the 
question  of  corona  loss  becomes  of  great  importance. 

4.  Long  spans. 

In  the  first  case  the  use  of  steel  trolley  wire  has  been  quite 
extensively  adopted  in  certain  directions  with  somewhat  variable 
conclusions  as  to  its  relative  cost  and  general  efficiency.  In  this 
field,  the  use  of  steel  is  restricted  to  certain  sections  of  our  large 
cities  where  the  traffic  is  very  dense  and  where  the  large  portion 
of  the  ciurent  must  of  necessity  be  carried  on  auxiliary  feeder 
lines,  with  very  frequent  taps  to  the  steel  trolley  wire.  In  such 
special  cases  the  resi3tance  drop  and  consequent  power  loss  in  the 
steel  as  compared  with  copper  is  comparatively  negligible,  be- 
cause the  current  has  to  flow  along  the  steel  but  for  a  short  dis- 
tance only.  Due  to  the  greater  hardness  of  steel,  and  its  original 
first  cost,  together  with  its  supposed  longer  life  under  operating 
conditions,  it  has  had  preference  in  certain  cases.  However,  the 
very  serious  questions  of  corrosion  and  scrap  value  of  the  worn- 
out  wire  have  to  be  taken  into  consideration  and  these  are  very 
important  items  which  will  be  mentioned  later. 

There  is  another  field  of  steel  trolley  wire  where,  as  in  such 
installations  as  on  New  York,  New  Haven  &  Hartford  Railroad, 
it  is  necessary  to  have  an  exceedingly  flat  and  smooth  trolley 
wire  for  high  speed  work,  in  which  cases  the  wire  is  sometimes 
suspended  directly  under  a  copper  wire,  purely  for  mechanical 
and  not  electrical  reasons.  In  both  of  the  above  cases  hard 
bronze  wire  is  also  used  to  advantage. 

The  second  class  of  service,  for  which  steel  is  applicable, 
is  in  the  case  of  moderately  high-voltage  Knes  where  very  light 
loads  are  carried -over  distances  that  are  not  great.  In  such 
cases  the  smallest  copper  wire  that  would  be  used  for  mechanical 
reasons  is,  as  Mr.  Dwight  mentions  No.  6  B.  &  S.,  although  in  a 
great  many  cases  No.  8  B.  &  S.  has  been  employed  for  such 
service.  This  of  course  depends  upon  the  climatic  conditions, 
danger  from  high  wind  velocity,  sleet  and  snow  and  distance 
between  towers  or  poles,  amount  of  allowable  sag,  and  other 
considerations.  There  are  undoubtedly  cases  where  the  smallest 
copper  wire  that  could  be  used  from  the  mechanical  standpoint 
wotild  be  much  heavier  than  would  be  necessary  to  meet  the 
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required  electrical  conditions  of  reactance  drop  and  carrying 
capacity.  In  such  cases  the  use  of  steel  will  be  found  to  be 
economical,  but  here  again  the  steel  field  is  limited. 

The  third  class  of  service,  that'  of  very  high-voltage  lines, 
where  the  question  of  corona  loss  becomes  important  is  a  field 
which  has  not  yet  been  extensively  covered  in  engineering 
discussion  due  to  the  fact  that  there  are  few  such  lines.  There 
are  probably  not  more  than  half-a-dozen  such  lines  in  the 
United  States.  Here  again  the  field  of  application  must  neces- 
sarily be  limited. 

The  fourth  class  of  usefulness,  that  of  long  span  work  has  been 
more  extensively  discussed.  There  are  some  notable  examples 
of  long  steel  spans,  and  some  combination  steel  and  copper 
cables  such  as  the  long  span  in  use  by  the  Mississippi  River 
Power  Company  of  Keokuk,  Iowa,  a  discussion  of  which  was 
printed  in  the  Proceedings  of  the  A.  I.  E.  E.  for  October,  1914. 
It  is  well  to  point  out  that  there  are  very  few  long  spans  which 
can  not  be  made  with  a  reasonable  factor  of  safety  using  copper 
wire,  provided  that  there  is  a  possibility  of  allowing  sufficient 
sag  in  order  to  somewhat  reduce  the  tensile  strain  on  the  wire. 
The  very  sUght  increase  in  the  percentage  sag  and  consequent 
increase  of  the  height  of  towers,  which  may  be  necessary  in  some 
cases,  would  make  it  mandatory  for  the  engineer  to  decide  on 
copper  rather  than  steel.  Of  course  in  cases  where  additional 
expense  in  height  of  towers  is  made  necessary  the  increase  in  the 
cost  of  steel  towers  may  more  than  offset  the  advantage  to  be 
obtained  from  the  use  of  copper  in  the  span. 

In  making  general  calculations  covering  any  partictdar  in- 
stallation, it  would  be  logical  to  first  assume  that  copper  woiild 
be  the  natural  metal  to  use  and  steel  the  unnatural,  due  to  the 
fact  that  the  vast  majority  of  all  transmission  lines,  trolley  lines 
and  long  spans  have  in  the  past  been  constructed  with  copper 
and  generally  for  good  reasons.  The  percentage  use  of  steel  as 
compared  with  the  copper  is  very  slight  indeed. 

Scrap  Value  and  Corrosion 
There  are  two  general  conditions  which  make  the  use  of  copper 
generally  mandatory,  the  principal  one  of  which  is  the  ultimate 
scrap  value  of  the  material  used.  By  throwing  out  the  con- 
sideration of  fluctuations  in  the  cost  of  metals,  which  is  proper 
in  a  theoretical  discussion,  it  may  be  assumed  that  the  scrap 
value  of  copper  is  in  the  neighborhood  of  85-90  per  cent  of  the 
original  purchase  price.  The  scrap  value  of  steel  would  probably 
be  so  low  as  to  hardly  warrant  consideration,  particularly  if  the 
line  in  question  were  a  long  distance  high-voltage  line  extending 
across  wooded  or  mountainous  districts  where  the  cost  of  salvage 
would  be  exceedingly  high.  The  whole  question  as  to  the  use  of 
copper  is  an  economic  question,  except  for  certain  very  special 
and  rare  cases.  Lines  are  constantly  being  changed  and  altered 
and  the  scrap  value  is  of  great  importance.     It  is  of  extreme 
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importance  in  the  case  of  trolley  wire,  which  is  frequently  re- 
placed and  even  if  the  copper  trolley  wire  should  be  reduced  50 
per  cent  in  cross  section,  the  scrap  value  may  still  be  40  per  cent 
or  more  of  the  original  cost. 

The  question  of  corrosion  and  life  of  the  material  is  intimately 
connected  with  the  scrap  value.  This  is  largely  a  question  of 
climate,  although  the  relative  corrosion  of  copper  and  steel  is 
probably  about  the  same  in  most  climates.  It  is  unquestionably 
true  that  steel  corrodes  more  rapidly  than  copper  and  its  life  is 
correspondingly  shortened.  In  long  distance  transmission  lines, 
one  of  the  primary  considerations  is  continuity  of  service,  and  if 
steel  wire  were  used,  subject  to  fairly  rapid  corrosion,  it  would 
necessarily  be  thrown  out  of  consideration  due  to  possibility  of 
breaks  occurring  at  unexpected  times,  perhaps  many  miles  away 
from  the  nearest  town,  all  of  which  would  be  exceedingly  ex- 
pensive and  require  a  shutdown  of  many  hours  or  even  days 
before  the  trouble  could  be  repaired.  If  copper  lines  are  properly 
strung  and  not  overstrained,  this  danger  would  be  appreciably 
less. 

Bear  in  mind  that  there  are  certain  sections  in  the  country 
where  even  the  life  of  copper  wire  is  comparatively  limited  and 
at  best,  lines  have  to  be  restrung  quite  frequently.  In  certain 
locations  on  the  Pacific  Coast  the  life  of  copper  transmission 
line  is  but  a  very  few  years  and  in  central  Pennsylvania  in  certain 
localities,  in  the  coke  regions,  copper  is  also  attacked  very  rapidly 
by  corrosion.  Steel  would  probably  go  much  faster  than  copper 
in  such  localities,  and  since  the  scrap  value  of  copper  is  so  enor- 
mously greater  than  the  scrap  value  of  steel,  copper  would  almost 
of  necessity  be  used  under  such  conditions. 

Mr.  Dwight  has  mentioned  the  use  of  copper-clad  steel  wire 
which  is  being  adopted  in  increasingly  larger  fields  very  rapidly. 
It  combines  the  higher  tensile  strength  of  the  steel,  and  offers 
30  per  cent  or  40  per  cent  conductivity  of  copper  as  against 
approximately  14  per  cent  conductivity  which  the  steel  possesses. 
Its  use  has  been  very  extensive  indeed  in  the  small  size  conduc- 
tors and  it  has  given  a  very  satisfactory  account  of  itself. 

In  discussing  the  commercial  aspect  of  the  case  we  note  that 
Mr.  Dwight  has  stated  that  the  price  of  copper  per  lb.  may  be 
assumed  as  being  ten  times  that  of  galvanized  steel  cable.  If 
the  present  relative  cost  of  copper  and  steel  is  a  criterion,  this 
ratio  is  hardly  a  fair  comparison,  for  copper  is  in  the  neighbor- 
hood of  30c  per  lb.  and  we  believe  that  base  size  E,  B.  B.  galvan- 
ized steel  wire  is  over  6.0c.  per  lb.,  so  that  roughly,  copper  would 
cost  about  five  times  that  of  steel  rather  than  ten  times.  Un- 
doubtedly some  of  the  steel  men  present  can  comment  on  these 
figures. 

Mr.  Dwight  has  very  naturally  and  properly  chosen  examples 
in  which  cases  the  use  of  steel  would  be  more  advisable  and  has 
very  clearly  shown  in  certain  cases  that  it  is  worthy  of  careful 
consideration.    It  would,  however,  be  unwise  to  consider  that  its 

Digitized  by  LjOOQ IC 


1264  STEEL  CONDUCTORS  [Sept.  20 

use  is  of  general  application  and  in  working  out  specific  problems 
we  must  in  all  cases  put  both  metals  on  an  equal  footing,  standing 
strictly  on  their  relative  merits,  commercial  costs,  and  conse- 
quent applicability.  In  other  words  the  question  is  purely  an 
economic  one,  and  in  the  vast  majority  of  cases,  copper  will 
undoubtedly  be  found  the  least  expensive,  all  things  considered. 

Mr.  Dwight  has  made  an  excellent  presentation  of  this  sub- 
ject and  it  is  worthy  of  very  careful  thought. 

T.  H.  Worcester:  Mr.  Dwight's  paper  gives  valuable  addi- 
tional data  on  the  subject  of  iron  and  steel  electrical  conductors 
and  will  be. of  considerable  assistance  to  engineers  in  designing 
circuits  in  which  such  conductors  may  be  used.  The  data  which 
have  previously  been  available  are  so  scattered  and  meagre  that  it 
has  been  difficult  to  find  information  on  a  chosen  size  and 
quality  iron  wire  or  even  to  interpolate  between  known  values 
on  given  sizes  and  qualities.  With  the  help  of  Mr.  Dwight's 
data  this  will  be  much  simplified,  since  he  has  given  information 
covering  a  wide  range  in  sizes  of  wires,  in  current  (Jensities  and 
in  methods  of  spiraling.  It  is  unfortunate  that  a  greater  range 
in  quality  of  material  is  not  covered  and  moreover  that  the 
principal  quality  considered  is  not  a  duplicate  of  American 
product  so  that  direct  comparisons  might  be  made.  Tests  on 
effective  resistance  which  we  have  made  on  J^-in.,  5^-in.  and 
)^-in.  seven  strand  steel  of  the  Siemens-Martin  grade  corres- 
pond very  closely  to  the  results  shown  in  Figures  3  and  6.  Chir 
tests  were  not  made  with  as  high  current  values  as  those  shown 
by  Mr.  Dwight,  so  that  the  drooping  characteristics  of  the  upper 
end  of  the  curves  has  not  been  checked.  However,  this  droop  in 
the  curves  is  what  one  would  expect  after  the  iron  reaches  satura- 
tion and  the  general  character  of  the  curves  has  been  checked  on 
other  grades  and  sizes  of  wire. 

As  regards  the  internal  reactance  of  iron  cables,  the  value  of 
75  per  cent  of  the  a-c.  resistance  for  corresponding  currents 
seems  to  be  high  except  for  conductors  having  diameters  greater 
than  J^-inch  or  those  made  of  iron  having  relatively  high  per- 
meability. The  tests  mentioned  above  on  steel  wire  show  the 
reactance  to  be  about  30  per  cent  of  the  resistance  for  ]^-\n, 
and  ^-in.  cables  and  50  per  cent  for  3^-in.  cable.  However, 
this  is  subject  to  such  variation  with  permeability  and  current 
density  that  it  is  very  desirable  to  test  samples  of  the  conductor 
which  it  is  proposed  to  use  if  acciu-ate  values  are  desired. 

One  of  the  interesting  points  about  iron  wire  conductors  is  that 
the  purer  and  more  costly  grades  of  wire  have  higher  effective 
resistance  and  reactance  on  a-c.  than  the  cheaper  grades  of  steel 
wire,  even  though  the  latter  have  higher  resistance  on  direct- 
current.  In  considering  this  point,  however,  it  must  not  be 
forgotten  that  the  high  grade  iron  wire  will  not  deteriorate  as 
rapidly  as  steel  wire  after  the  galvanizing  is  once  scaled  off  and 
that  in  some  cases  it  may  be  more  economical. 

The  advantage  of  using  many  small  wires  stranded  together 
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with  reverse  spiral  in  alternate  ropes  is  worthy  of  careful  consid- 
eration. From  a  theoretical  electrical  standpoint  such  cable  is 
to  be  preferred.  In  practise,  however,  finely  stranded  cable 
may  prove  troublesome  from  breakage  of  the  wires  either  by 
rusting  through  or  by  short-circuit  arcs.  Furthermore,  finely 
stranded  cable  when  each  wire  is  galvanized  as  it  should  be,  is 
considerably  more  costly  than  coarsely  stranded  wire.  For  the 
larger  sized  cables — J^-in.  and  above — the  7x7  strand  is  per- 
missible, but  for  the  smaller  sizes  its  use  is  questionable. 

In  view  of  the  fact  that  there  will  be  a  continual  demand  for 
steel  conductors  in  the  future  it  is  very  desirable  that  more 
complete  data  be  obtained  on  American  grades  at  as  early  a  date 
as  possible. 

David  B.  Rushmore:  A  subject  of  this  kind  is  always  of  in- 
terest, because  of  changing  conditions,  and  with  the  present 
prices  of  copper  and  aluminum,  and  because  of  the  price  today 
for  steel  and  iron,  which  will  probably  be  reduced  before  the 
others  are,  there  will  undoubtedly  be,  from  a  purely  economic 
standpoint,  a  certain  field  for  the  use  of  steel  conductors.  That 
these  have  been  used,  and  are  being  used,  to  some  extent,  has 
been  mentioned  in  the  paper — in  small  installations,  often  where 
the  western  lines  run  out  a  veyy  small  line  at  high  voltage  to  a 
prospect — a  mine  may  be  developed  later,  but  they  are  not  quite 
sure,  and  the  man  himself  just  wants  a  little  power  for  drilling 
and  hoisting.  Nobody  knows  what  the  future  condition  is  going 
to  be,  so  that  the  minimum  of  installation  expense  is  usually  the 
first  consideration,  and  the  efficiency  is  not  of  the  first  import- 
ance. 

There  are  some  very  interesting  points  in  regard  to  the  deterio- 
ration of  iron  and  steel  under  weather  conditions.  Those  of  you 
who  have  visited  the  Panama  Canal  will  remember  there  is  a  lot 
of  old  French  machinery,  made  in  Belgium,  which  is  still  around 
there  in  heaps,  or  was  a  few  years  ago  when  I  was  there,  and  not 
rusted  at  all,  with  no  sign  of  deterioration  on  it.  Having  occasion 
to  look  this  matter  up,  to  see  what  it  was,  I  found  that  it  is 
puddled  iron,  wrought-iron,  and  the  apparent  reason  is  that  the 
little  grains  or  globules  of  iron  are  covered  by  silicate  flux  which 
prevents  the  oxidation  of  them.  As  is  known,  a  wrought-iron 
roof  will  stand  practically  indefinitely  without  rusting.  Whether 
that  is  a  metal  which  could  be  used  as  a  conductor  or  not,  I  am 
not  sure. 

There  is  an  interesting  phase  about  the  use  of  iron  and  steel 
conductors,  in  the  rather  able  presentation  of  the  paper  and  the 
discussion  which  has  been  had  and  has  covered  most  of  the 
points,  that  has  not  been  mentioned,  and  that  is  its  protective 
action  against  high-frequency  disturbance.  A  patent  has  been 
taken  out  by  an  Italian  engineer  for  covering  copper-clad  con- 
ductors with  a  nickel  covering  of  high  resistance  so  that  the 
action  of  the  high-frequency  current  in  what  is  known  as  skin 
effect,  forcing  the  conductor  to  the  outside  of  the  duct,  forcing 
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it  into  a  cylinder  of  very  high  resistance,  which  absorbs  the 
energy  of  surge  and  prevents  it  from  passing  along  the  line. 
Some  such  effect  as  that  would  be  brought  about  in  high-fre- 
quency disturbances  which  wbuld  have  to  stay  in  or  on  the  steel, 
and  which  would  be  absorbed  more  readily  than  in  a  conductor  of 
lower  specific  resistance. 

It  is  apparent  that  later  on  this  sub-division  of  conductors  in 
cables,  is  highly  desirable,  and  the  great  pressttfe  now  being  put 
forth  for  the  use  of  higher  voltages — there  are  quite  a  number  of 
active  propositions  at  present  for  200,000  volts — is  forcing  the 
conductor  up  to  the  limit  of  corona,  so  that  the  size  of  the  con- 
ductor is  determined  much  more  by  corona  than  by  the  current 
capacity,  and  the  size  of  the  conductor  will,  for  small  lines,  be 
qtute  independent  of  the  load  transmitted.  So,  in  many  special 
cases,  the  steel  conductors  can  be  considered  at  the  present  time, 
and  as  has  been  said,  it  is  a  subject  which  is  worthy  of  careful 
scientific  investigation  and  of  much  more  careful  commercial 
study. 

S.  C.  Coey:  I  had  one  question  I  would  like  to  ask  Mr. 
Dwight  on  the  curve  Fig.  1.  I  wonder  if  he  has  any  explanation 
to  offer  as  to  why  the  curve  for  the  smaller  sized  wire  should  have 
a  higher  peak  than  for  the  larger  sj^es.  It  apparently  is  while  the 
iron  or  steel  is  becoming  saturated  and  it  would  seem  to  me  you 
would  have  about  the  same  for  different  sizes. 

W.  T.  Snyder:  It  occurred  to  me  in  connection  with  the  use 
of  steel  wire  there  would  necessarily  be  connections  and  some 
of  the  taps  made  with  copper  wire,  small  copper  feeders  branch- 
ing off.  I  wonder  what  the  electrolytic  effect  would  be  there, 
what  chemical  action  would  take  place,  if  that  would  restdt  in 
any  undue  harm.  I  understand  that  in  the  case  of  the  use  of 
copper-clad  steel,  if  the  copper  envelope  is  scratched,  and  the 
steel  is  exposed,  that  chemical  action  is  set  up  between  the  two 
elements  and  it  rapidly  destroys  the  wire.  I  wonder  if  the  same 
effect  would  take  place  at  the  tapping  of  a  copper  wire  onto  a 
steel  wire.  Also,  in  the  case  of  tapping  of  a  steel  wire  onto  an- 
other steel  wire,  what  is  the  method  of  splicing  to  prevent  holding 
water  and  bringing  about  rapid  corrosion. 

David  B.  Rushmore:  It  might  be  possible  that  some  one  here 
would  be  able  to  suggest  a  solution  to  a  point  which  has  not  up 
to  date  been  forthcoming.  There  have  been  put  into  use,  in  the 
past  few  years,  a  number  of  transmission  lines  of  copper  stranded 
cable  with  hemp  centers.  This,  in  general,  has  been  very  dis- 
astrous. In  the  case  of  one  line,  which  was  put  in  in  South 
America,  a  cable  after  a  period  of  a  year  or  two  went  all  to  pieces. 
There  was  some  action  which  took  place  between  the  hemp 
center  and  the  copper  adjacent  to  it  which  corroded  the  copper 
badly  and  there  was  evidently  a  chemical  action  which  pene- 
trated the  copper  for  about  one-quarter  of  the  diameter. 

I  saw  sections  of  the  cable  which  were  sent  north,  and  in  all 
our  efforts  we  were  never  able  to  get  a  satisfactory  explanation 
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as  to  what  the  cause  of  the  trouble  was.  The  use  of  such  copper 
cable,  with  hemp  centers,  has,  so  far  as  I  know,  been  almost 
entirely  discontinued. 

The  longest  practical  transmission  line  I  know  of,  is  one  feeding 
into  Los  Angeles,  from  a  point  about  250  miles  distant  to  the 
north,  a  line  of  the  Pacific  Light  &  Power  Company,  which  is 
operating  at  150,000  volts,  and  it  is  interesting  to  learn  that  they 
are  having  very  little  operating  trouble  with  it.  The  cable  there 
consists  of  a  steel  center,  both  for  strength  and  to  increase  the 
diameter  of  the  conductor,  with  stranded  aluminum  around  and 
outside,  and  there  was  considerable  discussion  just  on  the  point 
brought  out,  whether  there  might  not  be,  as  the  effect  of  rains 
and  moisttu-e  saturating  the  cable,  electroljrtic  action  which 
would  tend  to  destroy  it.  The  practical  result  of  that  would 
probably  appear  within  a  year  or  two,  but  there  is  no  evidence 
up  to  date  to  show  what  it  will  be.  Why  the  cable  with  the  hemp 
center  and  copper  conductors  should  have  gone  to  pieces  as  it 
did,  the  copper  becoming  extremely  brittle  and  cracking  at  right 
angles  to  the  length  of  the  wire,  has  never,  so  far  as  I  know,  been 
explained. 

H.  B.  D wight:  In  reply  to  the  question  why  some  of  the 
curves  in  the  paper  have  sharper  peaks  than  others,  I  believe 
this  is  merely  accidental,  depending  on  the  relative  magnitude 
of  the  scales  to  which  the  curves  were  plotted. 

Regarding  the  electrolytic  action  at  a  joint  between  a  steel 
cable  and  a  copper  cable,  it  may  be  necessary  to  protect  such 
joints  from  the  weather,  but  the  action  is  not  to  be  considered 
as  an  objection  to  the  use  of  steel  cables.  In  the  descriptions  of 
practical  operation  referred  to  in  the  paper,  it  was  stated  that 
this  trouble  was  feared,  but  that  no  trouble  was  experienced. 

Mr.  Doane's  discussion  was  very  interesting  and  has  added 
considerably  to  the  complete  description  of  the  standing  of  steel 
conductors  in  commercial  work  at  the  present  time.  The  steel 
conductors  used  at  present  are  undoubtedly  a  small  percentage 
of  the  copper  conductors  used,  but  this  ratio  may  be  changed  by 
the  high  price  of  copper  and  by  an  increase  in  the  knowledge 
of  the  alternating-current  properties  of  commercial  steel  cables. 

Mr.  Doane  stated  that  the  ratio  of  cost  of  copper  to  steel 
should  not  be  10  to  1  as  given  in  the  paper,  but  should  be  5  to  1 
as  shown  by  the  price  of  **extra  best"  iron  wire.  It  is  pointed 
out  in  the  paper  that  according  to  the  tests  published  in  Germany 
and  also  tests  made  by  the  Bureau  of  Standards,  pure  iron  is  not 
the  best  for  alternating-current  work,  and  there  is  good  hope  that 
the  grade  of  steel  most  suitable  for  power  lines  will  cost  only  one- 
tenth  as  much  as  copper. 

With  reference  to  the  statement  that  there  are  only  a  half 
dozen  lines  in  America  where  corona  loss  is  important,  it  is 
evident  that  a  pressure  of  150,000  volts  is  referred  to,  but  it  is 
easy  to  show  that  corona  is  of  importance  at  the  very  common 
pressure  of  100,000  volts.    Two  values  of  corona  limit  of  voltage 
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are  given  in  the  paper,  namely,  85,000  volts  for  No.  1  copper  and 
76,000  volts  for  No.  2  copper  at  a  usual  spacing.  Although  such 
small  conductors  are  sometimes  used  on  100,000-volt  lines,  the 
practise  is  probably  not  economical  or  advisable,  owing  to  the 
heavy  corona  losses  in  bad  weather.  Accordingly,  on  branch 
lines  of  100,000-volt  systems,  there  is  an  opportunity  for  the  use 
of  steel  cables  which'  would  have  lower  conductivity  and  cost 
than  No.  1  copper,  but  would  have  larger  diameter  and  would  be 
free  from  corona  loss. 

Mr.  Worcester  in  his  discussion  emphasized  the  value  of 
curves  similar  to  those  in  the  paper,  but  applying  to  American 
steel  cables.  I  believe  that  in  view  of  the  small  cost  of  making 
the  tests,  it  is  proper  to  urge  that  test  curves  be  prepared  and 
published,  of  several  grades  of  American  commercial  steel  cables 
of  medium  strength  and  cost. 
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ELECTRICAL  MACfflNERY  TESTS  AND  SPECIFICATIONS 
BASED  ON  MODERN  STANDARDS 


BY  H.  M.  HOBART 


Abstract  of  Paper 
Comparisons  are  made  of  the  standardization  rules  for  electri- 
cal machinery  now  in  force  in  various  countries.  It  is  shown  that 
the  differences  are  of  a  very  minor  character  and  that  machinery 
built  in  conformance  with  the  American  rules  will  usually  also 
conform  with  the  rules  employed  in  other  countries.  The  sugges- 
tion is  made  that  55  degrees  could  be  employed  as  the  ambient 
temperature  of  reference  for  tropical  ratings  and  it  is  maintained 
that  such  a  plan  fits  in  nicely  with  the  value  of  40  degrees  already 
adopted  as  the  ambient  temperature  of  reference  for  other  than 
tropical  ratings.  Attention  is  called  to  a  series  of  acceptance  tests 
on  some  large  waterwheel  generators  and  to  the  temperature 
results  obtained  by  making  cyclic  heat  runs  on  these  machines. 


IN  THE  course  of  his  work  the  author  frequently  has  been 
brought  face  to  face  with  the  fact  that  the  mere  drafting  and 
circulating  of  standardization  rules  constituting  a  radical 
departure  from  former  practise,  are  insufficient , to  bring  about 
general  use  of  the  contemplated  modifications.  It  is  necessary 
to  have  a  wide  and  thorough  discussion  in  order  that  there  shall 
be  a  clear  appreciation  of  the  reasons  for  and  the  consequences 
of  the  alterations.  Furthermore,  in  working  out  so  compre- 
hensive a  proposition  as  that  represented  by  the  Standardization 
Rules  of  the  American  Institute  of  Electrical  Engineers,  provision 
has  to  be  made  for  a  large  number  of  details,  whose  importance, 
if  not  especially  emphasized,  is  liable  to  be  overlooked  in  the 
practical  application  of  the  rules  to  concrete  cases.  There  are  a 
good  many  sections  in  the  rules,  which  at  first  glance  would  seem 
of  minor  importance,  but  which,  nevertheless,  set  forth  require- 
ments which  cannot  be  disregarded  advisedly  on  the  occasions 
of  acceptance  tests  and  in  the  drafting  of  specifications. 

The  author  recently  has  had  occasion  to  carry  out  a  series  of 
very  interesting  acceptance  tests  upon  some  large  waterwheel- 
driven  generators.  Since  it  was  the  purpose  to  make  the  tests 
with  exceptional  care,  it  seemed  to  be  an  admirable  occasion  to 
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subject  the  American  rules  to  a  thorough  test.  Consequently 
especial  endeavors  were  made  to  conform"  with  the  requirements 
set  forth  in  the  American  rules.  Various  points  arose  in  which 
this  practical  process  of  putting  the  rules  to  the  test,  suggested 
the  desirability  of  slight  modifications  to  increase  their  definite- 
ness. 

In  the  original  drafting  of  a  specification,  the  feasibility  of 
determining  by  simple  tests  that  the  requirements  of  the  speci- 
fication have  been  fulfilled,  should  always  be  kept  prominently 
in  mind.  Indeed  the  close  association  between  a  consideration 
of  the  terms  of  the  specification  and  a  consideration  of  the 
general  subject  of  the  carrying  out  of  acceptance  tests  is  so 
obvious  that  it  is  unnecessary  to  further  justify  the  predominance 
given  in  this  paper  to  the  acceptance-tests  aspects  of  the  subject. 

As  regards  electrical  machinery,  the  British  Standardization 
Rules  issued  by  The  Engineering  Standards  Committee  in 
Report  No.  72  and  the  October,  1916  edition  of  the  Standardiza- 
tion Rules  of  the  American  Institute  of  Electrical  Engineers  are 
in  such  close  agreement  that  machinery  built  and  rated  to  con- 
form with  the  one  set  of  rules  will  usually  also  conform  with  the 
other  set  of  rules.  The  slight  quantitative  differences  between 
the  two  sets  of  rules  practically  always  will  be  covered  by  the 
margin  reserved  by  manufacturers.  This  general  statement  of 
fact  is  made  as  a  matter  of  interest,  but  of  course  it  is  always 
important  to  make  certain  that  the  standardization  rules  ac- 
cording to  which  the  machinery  is  specified  in  any  particular  case 
agree  in  all  particulars.  An  appendix  to  this  paper  contains  in 
tabular  form  a  statement  showing  the  slight  differences  in  the 
temperature  limits  in  the  British  and  American  standardization 
rules.  The  heating  and  temperature  sections  of  the  1916  edition 
of  the  Italian  rules  are  also  in  close  agreement  with  the  corres- 
ponding sections  of  the  British  and  American  rules." 

The  British  rules  do  not  yet  cover  quite  as  many  subjects  as 
the  American  and  Italian  rules,  which  already  contain  sections 
relating  to  efficiency  and  to  regulation  in  addition  to  those 
covered  by  all  three  sets  of  rules.  The  limitations  of  this  paper 
will  not  permit  of  a  discussion  of  these  two  latter  subjects  nor  of 
the  subject  of  dielectric  tests,  notwithstanding  their  interest  and 
importance.    The  paper  is  further  limited  chiefly  to  points  relat- 

1."  Standards  for  the  Ordering  and  Acceptance  of  Electrical  Machines" 
issued  by  the  Italian  Electrotechnical  Association;  Central  Offices:  10  Via 
S.  Paolo,  Milan. 
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ing  to  rotating  machinery,  the  important  subject  of  stationary 
transformers  being  excluded  since  its  consideration  would  have 
too  greatly  increased  the  length  of  the  paper. 

Temperature  Standards 
So  far  as  relates  to  heating  and  temperature,  the  plan  under- 
lying all  modem  standardization  rules  for  electrical  machinery 
consists  in  establishing  approved  upper  limits  of  temperature. 
These  limits  are  such  as  to  permit  of  continuous  subjection  there- 
to. While  as  an  actual  fact  these  limiting  temperatures  could  be 
exceeded  safely  for  short  intervals,  this  is  not  permitted  by  the 
rules.  The  approved  upper  limits  have  been  determined  upon 
with  a  view  to  providing  adequate  factors  of  safety.  Having 
determined  upon  approved  values  for  the  upper  temperature 
limits,  the  next  step  consists  in  adopting  a  reference  value  for  the 
ambient  temperature.  The  difference  between  the  approved 
upper  limits  and  the  ambient  temperature  of  reference  con- 
stitutes the  limiting  temperature  rise.  The  rating  is  obviously 
a  function  of  the  thus-deduced  temperattu-e  rise. 

Ambient  Temperature  of  Reference 
In  the  British,  the  American  and  the  Italian  rules  the  ambient 
temperature  of  reference  is  40  deg.  *    This  value  is   adopted 
because  it  is  a  temperature  approached  in  all  parts  of  the  tem- 
perate zone  at  some  time  during  the  year. 

In  none  of  these  three  sets  of  rules  is  there,  as  yet,  any  pro- 
vision for  machinery  for  tropical  countries.  The  author  would 
suggest  56  deg.  as  a  suitable  ambient  temperature  of  reference 
for  tropical  ratings.  The  suggestion  is  not  based  on  any  conten- 
tion that  electrical  machinery  is  liable  to  be  installed  in  locations 
where  an  ambient  temperature  of  55  deg.  would  be  at  all  likely  to 
occur,  but  for  the  three  following  reasons: 

Firstf  that  it  is  desirable  to  employ  a  value  which  will  ensure 
a  margin  of  a  few  degrees;  second ^  that  the  ambient  temperature 
of  reference  for  tropical  ratings  should  not  exceed  that  for  tem- 
perate ratings  by  less  than  15  deg.  (a  less  difference  would  lead 
to  ratings  which  would  be  so  nearly  the  same  for  the  two  cases 
that  the  difference  hardly  would  be  worth  taking  into  account) ; 
third f  that  the  value  of  40  deg.  is,  strictly  speaking,  rather  too 
low  for  the  temperate  zone.  While  its  occurrence  is  by  no  means 
usual,  it  is  so  often  approached  within  a  few  degrees  that  it 

2. Throughout  the  paper,  all  temperatures  are  given  in  the  centigrade 
scale. 
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cannot  be  said  to  provide  much  margin  when  employed  as  a 
standard  reference  value.  Since  40  deg.  is  now  firmly  established 
for  the  temperate  zone,  the  consistent  value  for  a  basis  for  tropical 
ratings  is  55  deg.  Practical  experience  has  demonstrated  the  im- 
portance of  employing  distinctly  lower  ratings  for  electrical 
machinery  destined  for  use  in  tropical  countries,  than  ratings 
which  have  proven  satisfactory  for  the  temperate  zone. 

The  ambient  temperature  of  reference  of  40  deg.  for  all 
countries  in  the  temperate  zone  was  adopted  only  after  very 
careful  investigations.  While  there  are  many  localities  where 
an  outdoor  shade  temperature  of  40  deg.  is  never  attained  at  any 
time  in  the  year,  nevertheless  there  are  in  the  temperate  zone  very 
few  localities  where  an  outdoor  shade  temperature  of  35  deg.  is 
not  sometimes  closely  approached.  It  was  decided  that  35  deg. 
did  not  afford  sufficient  margin.  The  following  data  bear  out 
the  correctness  of  this  decision. 

From  the  report  of  the  chief  of  the  Weather  Bureau  have  been 
taken  the  following  maximum  temperatures  recorded  in  any 
station  in  the  designated  states  during  the  year  1908. 

42  deg.     Kansas,  Nebraska,  New  Mexico,  Oklahoma 

43  ^       Montana,  Idaho,  Oregon,  South  Dakota,  Utah,  Wyoming 

44  "       Washington 

46  «  Texas 

47  «  Nevada 
49  "  California 
52  *  Arizona 

In  America,  meteorological  observations  are  often  made  by 
amateur  volunteers  and  it  is  possible  that  some  of  these  higher 
values  may  not  have  been  adequately  verified. 

From  '*Symons  Meteorological  Magazine"  for  1912  has  been 
compiled  the  table  on  the  following  page,  of  temperatures  at  20 
places  in  the  British  Empire.  The  records  consulted  were  com- 
piled from  30  places  in  the  British  Empire.  For  the  remaining  ten 
places  32.5  deg.  was  not  reached  at  any  time  during  the  year  191 1 . 

It  is  of  importance  to  emphasize  that  it  is  not  essential  to  be 
able  to  reconcile  the  ambient  temperature  of  reference  with  the 
maximvun  temperature  occurring  in  the  locality  where  the 
machinery  is  to  operate.  The  greater  the  amount  by  which  the 
ambient  temperature  of  reference  exceeds  the  temperature  where 
the  machinery  is  operated,  the  greater  is  the  factor  of  safety. 
The  shade  temperatures  set  forth  in  meteorological  records  are 
usually  taken  where  there  is  no  local  sotu-ce  of  generation  of  heat 
and  where  air  circulates  freely.    Electrical  machinery  ioxjperation 
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itself  constitutes  a  source  of  heat  and  increases  the  temperature  of 
the  surrounding  air.  Furthermore  electrical  machinery  is  often 
located  in  places  where  the  circulation  of  air  is  very  much 
restricted.  Consequently  the  ambient  temperatures  near 
electrical  machinery  will  generally  considerably  exceed  the  shade 
temperatures  recorded  by  meteorological  stations.  Indeed  there 
is  no  proof  that  the  actual  ambient  temperatures  in  the  neighbor- 
hood of  electrical  machinery  are  related  at  all  closely  to  the 
oflScial  temperatures  issued  from  meteorological  stations.  It  is 
evident  from  the  tables  which  have  been  given  that,  strictly 
speaking,  even  40  deg.  is  too  low  for  the  reference  temperature, 


NUMBER  OP   MONTHS   DURING   1911   IN   WHICH   THE   MAXIMUM   SHADE 
TEMPERATURE  EQUALLED  OR  EXCEEDED: 


London 

Malta 

Lagos 

Cape  Town 

Durban  (Natal)... . 

Calcutta 

Bombay 

Madras , . . . . 

Colombo  (Ceylon). 

Hongkong 

Sidney 

Melbourne 

Adelaide 

Perth 

Coolgardie 

Hobart  (Tasmania) 
Jamaica  (Kingston) 

Toronto 

Fredericton 

BMmfontein 


32.6  deg. 

35  deg. 

37.5  deg. 

40  deg. 

3 

I 

0 

0 

I 

0 

0 

0 

4 

0 

0 

0 

3     • 

3 

1 

0 

3 

1 

0 

0 

9 

4 

2 

0 

9 

0 

0 

0 

8 

8 

6 

3 

4 

0 

0 

0 

3 

0 

0 

0 

3 

2 

2 

0 

4 

3 

3 

2 

6 

6 

5 

2 

4 

4 

3 

2 

6 

6 

6 

5 

2 

2 

1 

0 

9 

3 

0 

0 

1 

0 

0 

0 

1 

1 

0 

0 

5 

2 

0 

0 

on  the  basis  that  it  is  to  be  a  value  that  shall  never  be  even 
slightly  exceeded.  The  reference  value  adopted  must  rest  upon 
an  assumption  and  it  is  important  that  the  assumption  shall  be 
conservative.  In  the  rules  of  the  Verband  Deutscher  Elektro- 
techniker  the  ambient  temperature  of  reference  is  35  deg.  The 
precise  statement  in  this  respect  as  set  forth  in  the  V.  D.  E.  rules 
is  as  follows: 

''It  is  assumed  that  the  temperature  of  the  surrounding  air 
will  not  exceed  35  deg." 

In  the  British,  American  and  Italian  rules,  it  is  assumed  that 
the  temperature  of  the  surrounding  air  will  not  exceed  40  degs. 
It  is  probable  that  in  the  neighborhood  of  electrical  machinery, 
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i.  g.,  at  a  distance  of  1  to  2  meters  from  the  machine,  as  set  forth 
in  Section  314  of  the  American  rules),  the  temperature  of  the  air 
at  some  time  during  the  year  exceeds  35  deg.  in  the  majority  of 
cases  and  there  is  often  a  considerable  probability  that  the 
ambient  temperature  near  electrical  machinery  will  occasionally 
rise  a  few  degrees  above  40  deg.  But  by  the  adoption  of  40  deg. 
as  the  ambient  temperature  of  reference  there  will  for  almost  all 
installations  of  electrical  machinery  in  the  temperate  zone 
probably  be  a  margin  of  a  few  degrees  during  99  per  cent  of  the 
year.  For  such  an  indefinite  state  of  affairs,  it  is  reasonable  to 
adopt  a  value  which  offers  some  probability  that  there  will  be 
such  a  margin.  It  is  not  possible  to  predict  the  maximum 
ambient  temperature  in  the  neighborhood  of  an  electrical 
machine  within  several  degrees  even  when  the  machine  is  not 
running,  and  the  value  to  which  the  ambient  temperature  is 
likely  to  attain  when  the  machine  is  in  operation  is  still  more 
indefinite.  The  records  of  the  official  shade  temperature  for  any 
given  locality  are  of  little  or  no  sendee.  Indeed  the  tempera- 
tures maintained  within  buildings  are  apt  to  be  fully  as  high  in 
cold  climates  as  in  warm  climates.  In  view  of  the  indefiniteness 
.  inherent  to  the  subject,  and  of  the  importance  of  taking  a 
conservative  value,  it  would  appear  that  the  reference  value  of 
40  deg.  for  the  ambient  temperature  in  regions  in  temperate 
climates  is  certainly  not  too  high  and  reasonably  might  be 
criticized  as  too  low.  From  whatever  way  the  matter  is  ap- 
proached there  is  obviously  a  5-degree-greater  factor  of  safety, 
(in  other  words,  a  more  conservatively  rated  machine),  when 
the  rating  is  based  on  an  ambient  temperature  of  reference  of 
40  deg.,  as  in  the  British,  Italian  and  American  rules,  than  by 
basing  it  on  35  deg. 

A  distinct  commercial  value  attaches  to  the  provision  of  means 
for  maintaining  at  a  reasonably  low  temperature  the  premises  in 
which  electrical  machinery  is  operated.  If  a  temperature  of  30 
deg.  on  these  premises  is  never  exceeded  at  any  time  during  the 
year,  then  the  maximum  temperature  ever  occasioned  in  the 
electrical  machinery  when  operating  at  its  rated  load  is  10  deg. 
below  the  approved  limits  and  the  margin  of  safety  is  very  much 
greater. 

The  Ambient  Temperature  During  Acceptance  Tests 
In  determining  the  ambient  temperature  on  the  occasion  of 
acceptance  tests  in  the  case  of  rotating  machines  cooled  by 
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forced  draft,  it  is  provided  in  Section  311  of  the  American  rules 
that  "a  conventional  weighted  mean  should  be  employed,  a 
weight  of  four  being  given  to  the  temperature  of  the  circulating 
air  supplied  through  ducts  and  a  weight  of  one  to  the  surround- 
ing room  air."  Thus,  for  example,  if,  on  the  occasion  of  an  ac- 
ceptance test,  the  circulating  air  is  taken  from  outside  the  build- 
ing and  has  a  temperature  of  14.0  deg.  at  the  intake  of  the 
machine,  while  the  temperature  of  the  air  in  the  room  is  24.0  deg., 
the  ambient  temperature,  from  which  the  temperature  rise  is 
determined,  should  be  taken  as: 

4  X  14.0  +  1  X  24.0      _^  , 
« =  16.0  deg. 

If  the  temperature  of  the  machine  at  the  end  of  the  heat  run  is 
70  deg.,  then  we  have: 

Temperature  rise  in  accordance  with  the  American  rules 
=  70  —  16  =  54  deg. 

Temperature  rise  above  room  temperature 
=  70  —  24  =  46  deg. 

Temperature  rise  above  inlet  temperature 
=  70  —  14  =  56  deg. 

While,  strictly  speaking,  the  weights  given  for  the  two  air 
temperatures  should  depend  upon  the  characteristics  of  the 
particular  machine  under  test,  the  correction  is  of  such  moderate 
amount  that  it  has  been  desirable  in  the  interests  of  simplicity 
and  definiteness  to  standardize  the  weighting  of  the  two  tem- 
peratures. 

It  is  further  to  be  noted  (from  Sections  314  and  315)  that  the 
room  temperature  is  to  be  taken  as  the  mean  of  "several  ther- 
mometers placed  at  different  points  around  and  half  way  up  the 
machine,  at  a  distance  of  one  to  two  meters,**  and  that  the  value 
to  be  employed  shall  be  the  mean  of  the  readings  of  these  ther- 
mometers taken  at  equal  intervals  of  time  during  the  last  quarter 
of  the  duration  of  the  test. 

The  temperature  of  a  large  machine  will  not  at  all  promptly 
follow  the  changes  which  are  always  taking  place  in  the  tempera- 
ture of  the  premises  where  a  heat  run  is  being  made.  Conse- 
quently, if  no  appropriate  provision  be  made,  a  greater  tempera- 
ture rise  will  usually  be  recorded  if  the  heat  run  concludes 
shortly  after  midnight,  when  the  air  temperature  in  a  large 
factory  building  is  usually  falling,  than  if  the  h^t  run  is  cx>n- 
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eluded  in  the  middle  of  the  forenoon,  when  the  air  temperature 
of  such  a  building  is  usually  rising.  Errors  from  this  source  are 
decreased  by  complying  with  the  requirement  in  Section  316  that 
"the  thermometer  for  determining  the  ambient  temperature  shall 
be  immersed  in  a  suitable  liquid,  such  as  oil,  in  a  suitable  heavy 
metal  cup.*'  With  a  falling  room  temperature,  a  mercury  ther- 
mometer exposed  to  the  room  air  might  read  at  least  a  couple  of 
degrees  lower  than  an  identical  thermometer  with  its  bulb 
immersed  in  oil  in  one  of  these  metal  cups. 

To  those  who  have  not  had  extensive  experience  in  testing 
large  generators,  these  various  precautions  may  seem  trivial. 
As  a  matter  of  fact  they  ensure  immunity  from  errors  which  may 
easily  amount  to  several  degrees  difference  in  the  result  obtained 
for  the  temperattu-e  rise. 

The  British,  Italian  and  American  rules  are  now  in  agreement 
in  providing  that  for  rotating  machinery  no  correction  is  to  be 
made  in  the  temperature  rise  on  account  of  the  particular  value 
of  the  ambient  temperatiu-e  on  the  occasion  of  the  test.  The 
British  and  American  rules  simply  suggest,  (Section  320  of  the 
American  rules),  that  "tests  should  be  conducted  at  ambient 
temperattu-es  not  lower  than  15  deg."  The  corresponding  Italian 
rule  is  as  follows: 

"For  ambient  temperatures  lower  than  40  deg.  during  the  tests,  no 
correction  shall  be  applied  to  the  results  of  the  measurements  so  long  as 
the  temperature  does  not  fall  below  10  deg.;  however  it  is  not  convenient 
that  tests  should  be  carried  out  at  temperatures  below  10  deg." 

This  plan  of  omitting  any  corrections  is  a  decided  improve- 
ment over  the  old  plan  of  applying  to  the  observed  temperature 
rise,  a  correction  which  was  a  function  of  the  ambient  tempera- 
ture at  the  time  of  the  test.  Careful  tests  have  shown  that  the 
temperatiu"e  rise  of  the  average  machine  is  not  very  dependent 
upon  the  temperature  at  the  time  of  the  test  and  that  the  relia- 
bility of  the  result  cannot  be  increased  by  means  of  any  simple 
corrections.  Elaborate  tests  have  been  made  with  the  object 
of  clearing  up  this  matter  by  making  heat  runs  in  a  room  main- 
tained successively  at  low  and  high  temperatures.  The  rise  with 
low  room  temperatures  averaged  as  great  as  the  rise  with  high 
room  temperatures,  the  inverse  change  in  core  and  copper  loss 
with  change  in  temperature  combined  with  the  very  rapid 
increase  in  radiation  at  high  temperatures  tending  to  render  the 
result  independent  of  the  room  temperattire. 

Another  progressive  ruling  which  is  identical  in  the  British 
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and  American  rules  is  that  relating  to  the  duration  of  heat  runs. 
It  is  to  the  effect  that : 

"The  temperature  test  shall  be  continued  until  sufficient  evidence  is 
available  to  show  that  the  maximum  temperature  and  temperature  rise 
would  not  exceed  the  requirements  of  the  rules,  if  the  test  were  prolonged 
until  a  steady  final  temperature  were  reached." 

For  conditions  where  the  temperattire  of  a  part  cannot  be 
obtained  until  the  machine  is  shut  down,  (for  example,  the 
resistance  of  the  stator  windings  of  a  polyphase  generator),  the 
rules  make  the  following  provision : 

"Whenever  a  suflSfcient  time  has  elapsed  between  the  instant  of  shut- 
down and  the  time  of  the  final  temperature  measurement,  to  permit  the 
temperature  to  fall,  suitable  corrections  shall  be  applied,  so  as  to  obtain 
as  nearly  as  practicable  the  temperature  at  the  instant  of  shut-down. 
This  can  sometimes  be  approximately  effected  by  plotting  a  curve,  with 
temperature  readings  as  ordinates  and  time  as  abscissas,  and  extrapolating 
back  to  the  instant  of  shut-down.  In  other  instances,  acceptable  correc- 
tion factors  can  be  applied." 

As  to  these  acceptable  correction  factors,  it  may  be  said  that 
from  the  many  test  results  available  on  the  records  of  manu- 
facturers, it  will  be  known  generally  that,  for  a  particular  type 
of  machine,  the  cooling  of  the  hottest-spot  will  be  approximately 
at  some  particular  rate  per  minute  for  the  average  of  the  first 
three  or  fotu-  minutes  after  shut-down.  At  the  time  of  the  ac- 
ceptance tests,  both  parties  to  the  transaction  usually  will  readily 
arrive  at  a  satisfactory  agreement  that  for  any  particular 
machine  under  test  a  certain  number  of  degrees  shall  be  added 
to  the  temperature  determined  by  resistance  measurements 
made  within  a  given  number  of  minutes  of  shut-down.  It  rarely 
would  be  worth  while  to  encumber  the  specifications  and  guaran- 
tees with  a  clause  setting  forth  the  amount  of  this  correction, 
but  it  is  simple  enough  to  do  so  when  it  is  considered  that  it  is  of 
sufficient  consequence  to  have  the  amount  definite  y  stipulated. 

Embedded  Temperature  Detectors 
The  American  rules  (Section  355)  require  that  for  the  purposes 
of  acceptance  tests,  the  temperattires  of  the  stators  of  large 
generators  shall  be  determined  by  means  of  embedded  tempera- 
ture detectors,  several  of  which  shall  be  employed.  These  are  to 
be  so  located  as  to  disclose  as  nearly  as  possible  the  temperature 
of  the  hottest  spot  existing  anywhere  in  the  machine.  These 
embedded  temperattire  detectors  consist  of  thermocouples  or 
resistance  coils.    An  extensively  employed  design  of  embedded 
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temperature  detector  of  the  resistance  type,  has  a  length  of  about 
10  in.  (25.4  cm.),  and,  at  a  temperature  of  25  deg.,  its  resistance 
is  just  10  ohms.  In  Fig.  1  are  shown  sections  through  slots  for 
two  types  of  slot  windings  usually  respectively  designated  two- 
layer  and  single-layer  windings.  It  is  required  in  Sections  353  and 
354  of  the  American  rules  that  "a  liberal  number"  of  temperature 
detectors  shall  be  placed  in  the  locations  designated  in  Fig.  1  as 
A  and  B,  for  two-layer  windings,  and  B  and  C  for  one-layer 
windings. 

The  Hottest-Spot  Temperature 

The  rules  stipulate  that  for  machines  with  two-layer  windings, 
the  hottest-spot  temperature  shall  be  considered  to  be  5  deg. 
greater  than  the  highest  reading  obtained  by  any  of  the  em- 
bedded temperature  detectors;  and  that  in  single-layer  windings 
the  hottest-spot  temperature  shall  be  that  obtained  by  adding 
to  the  highest  reading  10  deg.,  plus  1  deg.  per  1000  volts  above 
5000  vcAts  of  terminal  p  essure. 

These  corrections  are  brought  together  in  the  following  table : 


For  two-layer  windings. 


For  single-layer  windings  for  5000 
volts  or  less. 

For  single-layer  windings  for  more 
than  6000  volU. 


Add  5  degrees  to  the  Itighest  reading. 


Add  10  degrees  to  the  highest  reading. 


Add  to  the  highest  reading  10  deg..  plus  1  deg. 
for  every  kilovult  by  which  the  voltage  between 
the  terminals  of  the  machine  exceeds  5  kv. 


Thus  for  a  three-phase  machine  with  an  1 1 .000- volt  single-layer  winding,  the  correction 
to  be  added  to  the  maximum  observable  temperature  in  estimating  the  hottest-spot  tem- 
perature, is  16  deg. 


Usually  the  hottest-spot  results  derived  from  the  indications 
of  the  embedded  temperature  detectors  are  the  most  satisfactory! 
It  is,  however,  quite  possible  that  the  temperature  rise  derived 
from  measiu-ements  of  the  resistance  of  the  stator  windings  at 
the  conclusion  of  the  heat  runs  sometimes  may  be  greater  than 
the  temperature  rise  determined  from  the  embedded  detectors. 
Consequently  it  is  provided  in  Section  352  of  the  American  rules 
that  when  the  embedded-detector  method  is  used,  the  results 
shall,  when  required,  be  checked  by  the  results  obtained  from 
measurements  of  the  resistance  of  the  stator  windings,  and 
*'the  hottest  spot  shall  then  be  taken  to  be  the  highest  value  by 
either  method,  the  required  correction  factors  beine  applied  in 
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each  case."  By  correction  factor  is  meant  the  number  of  degrees 
which  shall  be  added  to  the  observed  temperature  to  obtain  the 
hottest-spot  temperature.  For.  the  resistance  method  the  correc- 
tion factor  is  10  deg. 

As  regards  the  so-called  correction  factors'  established  in 
the  American  rules,  it  would  appear  that  the  hottest-spot  tem- 
perature determined  by  adding  to  the  observable  temperature 
the  stipulated  correction  factor  shall  constitute  the  criterion  and 
that  a  machine  could  not  be  rejected  on  the  ground  that  other 
evidence  demonstrated  that  a  still-greater  temperature  existed 
at  some  point  of  the  winding.  For  example,  for  purely  research 
purposes  it  would  be  practicable  to  locate  temperature  detectors 


TWO  LAYER 
WINDING 


SINGLE  LAYER 
WINDING 


Fig.  1 


actually  against  the  copper  of  a  high-pressure  winding.  In  some 
special  cases  such  temperature  detectors  might  disclose  tempera- 
tures exceeding  those  obtained  by  adding  the  conventional 
correction  factors  to  the  observable  temperatures.  Since  the 
conventional  correction  factors  have  been  established  with 
every  intention  that  they  shall  be  liberal  and  since  definiteness  in 
contracts  is  essential,  the  hottest-spot  temperatures  obtained  by 
complying  with  the  methods  approved  in  the  American  rules 
should  be  taken  as  final,  irrespective  of  evidence  of  the  existence 
of  higher  temperatures.  It  is  believed  that  it  would  be  only  in 
exceedingly  rare  instances  that  higher  temperatures  could  be 
3 .These  are  not  factors.    Some  better  designation  should  be  substituted. 
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found  and  that  they  wotild  exceed  the  conventional  hottest-spot 
temperatures  by  immaterial  amounts.  However,  in  so  far  as  the 
rtdes  on  this  point  may  be  obscure  in  the  least,  it  would  seem 
to  be  very  important  to  make  their  intention  unmistakably 
evident. 

The  use  of  embedded  temperature  detectors  has  been  demon- 
strated to  be  of  great  advantage.  When  only  required  for  the 
acceptance  tests  th«  leads  from  the  detectors  may,  at  the  con- 
clusion of  the  tests,  be  cut  oflF,  and  the  detectors  abandoned. 
But  it  is  of  decided  advantage,  in  the  service  operation  of  large 
generators,  to  be  able,  at  any  time,  to  ascertain  the  internal 
temperatures  from  the  direct  readings  of  switchboard  instru- 
ments.   This  practise  is  now  very  customary. 

It  has  been  mentioned  that  the  hottest-spot  temperatures 
indicated  by  embedded  detectors  may  in  rare  instances  be  less 
than  the  hottest-spot  temperatures  indicated  by  meastu-ements 
of  the  resistance  of  the  stator  winding  of  a  generator.  Moreover 
since  the  resistance  measurements  of  a  winding  only  disclose 
average  temperatures,  occasions  will  arise  where  a  suitably- 
located  surface  thermometer  may  indicate  a  temperature  in 
excess  of  that  indicated  by  the  resistance  measurements.  A 
liberal  number  of  surface  thermometers  ought,  therefore,  also  to 
be  employed  when  making  heat  runs.  The  author  of  the  present 
paper  is  of  the  opinion  that  one  of  the  chief  advantages  of  em- 
bedded temperature  detectors  of  the  resistance  type  relates  to 
the  ability  to  employ  a  resistance  of  a  magnitude  which  can  be 
meastu-ed  readily  with  accuracy,  and  to  the  reliability  with  which 
its  resistance  at  any  time  can  be  taken  to  indicate  a  definite 
temperature.  The  temperature  rise  obtained  from  the  increase 
in  the  resistance  of  an  armature  or  field  winding  would  be  of 
distinctly  greater  value  were  it  practicable  to  know  accurately 
the  temperature  of  the  winding  on  the  occasion  of  the  measure- 
ment of  the  cold  resistance.  It  is  rarely  practicable  to  incur  the 
delay  before  commencing  a  heat  run,  which  would  be  necessary 
to  ensure  that  an  armature  or  field  winding  is  within  a  couple  of 
degrees  of  the  surrounding  temperature.  Often  when  it  is 
assumed  that  the  winding's  temperature  is  substantially  identical 
with  that  of  the  surrounding  air,  there  is  actually  a  difference  of 
over  five  degrees  and  consequently  the  measured  cold  resistance 
is  associated  with  a  temperature  over  five  degrees  different  from 
its  actual  temperature  and  a  corresponding  error  is  incurred  in 
deducing  from  its  hot  resistance  the  temperature  of  the  winding 
at  the  end  of  the  heat  run.  ^       ^  ^  (^nnn](> 
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Some  such  plan  as  that  set  forth  in  the  following  clause,,  if  the 
conditions  of  practise  should  permit  of  its  adoption,  would  pro- 
vide a  way  out  of  the  difficulty  and  much  increase  the  value  of 
temperature  determinations  by  measurements  of  the  resistance 
of  the  main  windings: 

"In  order  to  avoid  protracted  delays  in  the  testing  of  a  machine,  in 
bringing  the  temperature  of  its  windings  into  accord  with  the  ambient 
temperature,  the  resistance  of  the  windings  of  a  machine,  reduced  to 
40  deg.,  should  be  made  a  matter  of  factory  record  for  all  machines  subject 
to  temperature  measurement  by  resistance  under  these  rules." 

In  general,  the  author's  opinion  in  this  matter  is  that  the 
methods  of  obtaining  temperatures  by  surface  thermometers 
and  by  meastirements  of  the  resistances  of  the  main  windings 
should  not  be  discarded  in  favor  of  the  newer  method  by  em- 
bedded temperature  detectors,  but  should  continue  to  be  em- 
ployed in  addition  thereto.  Indeed  the  careful  tests  made  on 
a  large  machine,  which  are  described  later,  showed,  as  may  be 
seen  from  the  last  Table  in  the  paper  proper,  that  in  two  out  of 
the  three  heat  nms,  the  temperature  rise  of  the  hottest  spot  as 
deduced  from  meastu'ements  of  the  resistance  of  the  stator 
windings  was  greater  than  the  temperattu'e  rise  of  the  hottest 
spot  deduced  from  the  readings  of  temperatiu-e  detectors,  and 
that  in  the  remaining  heat  run  the  temperattu'e  rise  of  the  hottest 
spot  was  the  same  by  both  methods.  Furthermore  the  readings  of 
mercury  thermometers  placed  against  appropriate  parts  of  the 
surface  of  the  rotor  winding  disclosed  higher  temperatures 
than  were  obtained  by  means  of  measurements  of  the  resistance 
of  the  rotor  winding.  The  results  in  these  tests  were  especially 
reliable  since  the  cold  resistances  were  measured  with  the  greatest 
care  after  the  machine  had  been  standing  idle  for  two  days,  so 
that  its  windings  at  the  time  of  measuring  their  resistances  before 
beginning  the  heat  run,  should  be  at  the  same  temperature  as 
the  stuTOunding  £iir. 

A  reconunendation  to  take  advantage  of  all  three  methods,  that 
is  to  say.  Method  I,  surface  thermometers,  Method  II,  main- 
winding  resistance  measurements,  and  Method  III,  embedded 
detectors,  might  at  first  sight  be  condemned  as  impracticable 
on  all  except  large,  valuable  machines,  on  the  ground  that  the 
expense  of  making  such  thorough  tests  would  be  prohibitive. 
Were  it  necessary  to  make  these  measurements  on  each  and  every 
machine,  such  a  criticism  would  be  well  founded.  But  the 
author  of  this  paper  holds  the  opinion  [which,  in  another  publi- 
cation, he  has  expressed  as  follows: 
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"Although  the  rules  contain  no  explicit  statement  to  that  effect,  it  may 
doubtless  be  understood  that  it  is  not  intended  that  a  test  by  the  pre- 
scribed method  need  necessarily  be  made  upon  every  individual  machine 
comprised  in  a  transaction.  The  simplest  method,  as  above  explained,  is 
usually  Method  I,  and  in  the  interest  of  avoiding  needless  expense,  it 
should  often  be  practicable  to  arrange  for  a  judicious  employment  of 
Method  I  for  most  of  the  machines  of  a  given  size,  employing  Method  II 
or  III,  as  the  case  may  be,  on  a  few  of  the  machines,  and  thereby  arriving 
at  a  factor  by  which  the  results  obtained  by  Method  I  require  to  be 
multiplied  in  order  to  arrive  at  the  results  which  would  have  been  obtained 
on  those  particular  machines  had  Methods  II  and  III  been  employed. 
In  other  words,  it  should  not  be  concluded  that  the  less  simple  measure- 
ments will  necessarily  be  made  on  every  machine,  but  rather  that  con- 
clusive evidence  shall  be  provided  to  insure  that  had  the  measurements 
been  made,  the  temperature  would  have  been  within  the  required  limits." 

Further  Consideration  of  the  Hottest-Spot  Temperature,  The 
American  rules  lay  emphasis  on  the  hottest-spot  temperature. 
Limiting  approved  values  for  the  hottest-spot  temperatures  are 
set  forth.  The  limiting  values  depend  chiefly  upon  the  class  of 
insulating  material  employed.  Insulating  materials  are  divided 
into  three  classes.  A,  B,  and  C.  These  classes  are  defined  as 
follows  in  the  American  and  British  rules: 


Class  of  insulation 

Description  of  insulating  material 

A 

Cotton,  silk,  paper  and  similar  materials 
when  so  treated  or  impregnated  as  to  increase 
the  thermal  limit,  or  material  permanently 
immersed  in  oil;  also  enamelled  wire* 

B 

Mica,  asbestos  and  other  materials  capable 
of  resisting  high  temperatures,  in  which  any 
Class  A  material  or  binder  is  used  for  struc- 
tural purposes  only,  and  may  be  destroyed 
without  impairing!  the  insulating  or  mechani- 
cal qualities  of  the  insulation. 

C 

Fireproof  and  refractory  materials,  such  as 
pure  mica,  porcelain,  quartz,  etc. 

*Por  cotton,  silk,  paper  and  similar  material,  when  not  treated,  impregnated  or  immersed 
in  oil,  the  highest  temperatures  shall  be  10  deg.  lower  than  the  limits  given  above  for  Class  A. 

tThe  word  impair  is  here  used  in  the  sense  of  causing  any  change  which  would  disqualify 
the  insulation  for  continuous  service. 


No  limit  is  placed  upon  the  temperature  of  Class  C  insulation. 
The  permissible  temperatures  and  temperature  rises  of  electrical 
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machinery  at  present  are  based  chiefly  upon  the  characteristics 
of  Class  A  and  Class  B  insulations.  The  British  and  American 
rules  agree  in  adopting  105  deg.  and  125  deg.  for  the  limiting 
hottest-spot  temperatures  for  these  two  classes  of  insulations. 
The  author  believes  that  it  may  be  of  some  interest  for  him  to 
state  that  he  shares  with  many  other  engineers,  the  opinion, 
based  on  extensive  tests,  that  105  deg.  for  Class  A  insulations  and 
150  deg.  for  Class  B  insulations  are  both  thoroughly  conservative 
limits,  when  all  the  designing  and  manufacturing  processes  are 
carried  out  with  due  regard  for  numerous  important  details. 
But,  failing  the  availability  and  application  of  skill  and  experi- 
ence, even  much  lower  temperature  limits  for  Class  A  and  Class 
B  insulations  will  not  ensure  a  satisfactory  product.  It  is  dif- 
ficult to  see  how  any  Standardization  rules  can  afford  the  neces- 
sary assurance  in  this  respect.  The  successful  withstanding  of 
acceptance  tests  does  not  necessarily  constitute  evidence  that  the 
insulations  will  endure  the  stipulated  temperatures  (and  other 
deteriorating  influences  which  vary  from  instance  to  instance), 
for  a  satisfactory  term  of  years.  Fortunately  the  manufacturer's 
interest  in  the  success  and  reputation  of  his  product  usually 
affords  the  required  assurance.  Indeed  there  is  usually  a  strong 
tendency  on  the  part  of  the  manufacturer  to  refrain  from  taking 
advantage  of  temperature  limits  of  established  practicability 
until  years  of  study  by  tests  on  samples  and  on  experimental 
machines  have  established  beyond  all  reasonable  doubt  the 
appropriateness  of  the  higher  limits.  It  is,  however,  important 
to  the  industry  to  take  advantage  of  higher  limiting  tempera- 
tures as  soon  as  a  reasonable  amount  of  experience  is  gained,  since 
this  permits  of  reduced  capital  costs  for  machinery  and  rarely 
affects  prejudicially  the  working  costs  except  where  the  action  is 
premature.  The  adoption  of  new  limits  by  bodies  of  the  standing 
of  the  British  and  American  Standards  Committees  is  ample 
proof  that  the  evidence  in  the  case  has  been  carefully  sifted  and 
that  the  time  is  ripe  for  the  modification.  While  the  temperature 
limits  for  Class  A  and  Class  B  insulations  can  both  be  safely 
exceeded  for  short  periods,  it  is  in  the  interests  of  reserving  rea- 
sonable factors  of  safety  to  establish  them  (as  is  expressly  em- 
phasized in  the  British  and  American  rules)  as  limits  which  shall 
never  be  exceeded.  In  the  British  and  American  rules  the  limit 
at  present  standardized  for  Class  B  insulations  is  125  deg.  but 
there  is  a  well-developed  opinion  in  America  that  since  there  is 
now  a  great  deal  of  experience  on  which  to  base  the  action, 
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the  limit  for  Class  B  insulations  could  with  advantage  be  raised 
to  150  deg. 

Intensified  Aging  of  Insulations 
Reference  has  been  made  to  the  impossibility  of  framing  rules 
to  ensure  that  the  insulations  employed  have  satisfactory  longev- 
ity. Naturally,  however,  the  aging  of  insulating  materials  is 
a  matter  of  great  importance  to  the  manufacturer.  The  author 
has  been  much  interested  in  some  elaborate  series  of  tests  of  this 
character.  The  point  of  most  importance  to  decide  is  that  of 
the  temperature  which  can  be  withstood  for  10  to  20  years  by 
an  insulating  material.  It  might  be  supposed  that  sub- 
jection to  super-temperatures  for  brief  periods  would  permit  of 
forming  an  opinion  regarding  the  life  corresponding  to  lower 
temperatures.  To  a  certain  extent  brief  tests  for  short  periods 
at  super-temperatures  are  useful  but  conclusions  drawn  there- 
from must,  at  the  present  state  of  affairs,  be  regarded  as  only  of 
the  nature  of  very  rough  evidence.  For  some  Class  A  insulations, 
values  of  the  order  shown  in  the  following  table  are  indicated: 


Temperatures  which  can  be  withstood  successfully,  not  only  electrically  but  physically 

by  approved  Class  A  insulations: 

For  seconds 

260  degrees 

*  minutes 

200 

"  hours 

170 

"  days 

150 

"  weeks 

130 

*  months 

115 

"  years 

105 

A  very  slight  modification  in  the  composition  or  construction 
of  the  insulation,  however,  might  completely  disqualify  it  for 
withstanding  any  considerable  super-temperatures,  even  for 
brief  periods.  Tests  on  various  approved  Class  B  insulations 
lead  to  values  which,  while  quantitatively  higher  by  a  matter  of 
some  50  deg.,  are  qualitatively  very  similar. 

Reasonable  factors  of  safety  must,  however,  be  reserved. 
This  is  realized  by  the  British,  American  and  German  Standards 
Committees  and  no  recognition  whatsoever  is  extended  to  the 
ability  of  insulations  to  successfully  withstand  super-tempera- 
tures for  brief  periods.  Thus  in  the  American  rules  we  have 
Section  305  A,  to  the  following  effect: 

Section  305  A.  Whatever  may  be  the  ambient  temperature  when  the 
machine  is  in  service,  the  limits  of  the  maximum  observable  temperature 
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and  of  temperature  rise  specified  in  the  rules  should  not  be  exceeded  in 
service;  for,  if  the  maximum  temperature  be  exceeded,  the  insulation  may 
be  endangered,  and  if  the  rise  be  exceeded,  the  excess  load  may  lead  to 
injury,  by  exceeding  limits  other  than  those  of  temperature;  such  as  com- 
mutation, stalling  load  and  mechanical  strength.  P^  similar  reasons, 
load  in  excess  of  the  rating  should  not  be  taken  from  a  machine. 

It  is  thus  clear  that  in  the  interest  of  securing  a  liberal  margin 
of  safety  we  must  forego  rigorously  the  temptation  to  expose  the 
insulation  of  machinery,  even  for  brief  periods,  to  temperatures 
in  excess  of  the  limits  approved  in  the  American  rules. 

This  practise  is  in  striking  contrast  to  that  underlying  the 
older  Standardization  rules  which  authorized  higher  tempera- 
tures for  short  periods.  Probably  the  credit  for  the  modem 
departure  belongs  to  the  German  Standards  Conunittee,  which, 
for  some  years,  has  employed  the  plan  of  permitting  overloads 
with  the  same  temperature  limits  as  for  the  rated  load.  The 
following  clauses  are  from  the  German  standardization  rules: 


Overloading.     With  the  limitation  that  the  overloads  only  are  carried  for  so  short  a 
time,  or  only  occur  under  such  temperature  conditions  of  the  machines  and  transformers 
that  the  highest  permissible  temperatures  are  not  thereby  exceeded,  machines  and  trans- 
formers must  be  capable  of  carrying  the  following  overloads: 

Generators 

Motors 

Synch,  conv.  and  motor-generators 

Transformers 

25  per  cent  during  one-half  hour 

Motors 

Synch,  conv.  and  motor-generators 

Transformers 

40  per  cent  for  3  minutes 

Section  305  A  of  the  American  rules,  however,  contains  the 
restriction  that  **loads  in  excess  of  the  rating  should  not  be  taken 
from  the  machine,"  lest  limits  other  than  those  of  temperature, 
such  as  commutation,  stalling  load  and  mechanical  strength 
should  be  exceeded. 

Nevertheless  the  American  rules  provide  for  the  case  where  a  . 
machine  is  required  to  carry  very  heavy  loads  for  brief  periods. 
Such  a  case  is  met  by  giving  a  machine  more  than  one  rating. 
Thus  amongst  the  machinery  recently  supplied  to  the  Chicago, 
Milwaukee  and  St.  Paul  Railway  are  some  couple  of  dozen 
2000-kw.  motor-generator  sets  for  use  in  substations.  These  sets 
have  the  following  three  ratings: 

Continuous  rating 2000  kilowatts 

Two-hour  rating 3000        " 

Five-minute  rating , SOOq^igitizecTbyGoOgle 
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The  mechanical  strength  and  the  commutating  requirements 
for  the  five-minute  rating  are  far  in  excess  of  those  for  the  con- 
tinuous rating.  But  the  temperature  attained  with  the  con- 
tinuous rating  exceeds  that  attained  with  the  five-minute  rating. 

This  plan  may  be  employed  whenever  it  is  necessary  to  provide 
for  peaks  of  load,  as  in  the  case,  for  instance,  of  crane  motors. 
Knowing  the  typical  duty  cycle,  we  may  prescribe  a  short-time 
rating  sufficient  to  ensure  that  the  motor  shall  have  ample 
mechanical  strength  as  well  as  sufficient  margin  in  the  matter  of 
commutation,  and  that  it  shall  not  stall  with  the  greatest  load 
which  it  ever  will  be  called  upon  to  carry.  Knowing  also  the 
average  load,  we  may  prescribe  a  continuous  rating  which  will 
ensure  that  approved  temperatures  shall  never  be  exceeded. 
Two  ratings  should  suffice,  a  continuous  rating  to  ensure 
the  non-exceeding  of  approved  temperatures  and  a  short-time 
rating  to  ensure  the  required  capacity  for  the  intermittently 
occurring  peaks  of  load,  as  regards  commutation,  stalling  load 
and  mechanical  strength. 

On  the  whole,  while  as  already  stated,  we  owe  the  conception 
of  modem  ratings  to  the  German  Standards  Committee,  the 
way  in  which  the  American  Committee  has  fitted  the  conception 
to  the  requirements  of  practise,  would  appear  to  be  distinctly 
excellent. 

Low-Temperature  Circulating  Air 

For  small  machines  built  in  large  quantities  for  stock,  the 
ultimate  destination  is  unknown.  In  normal  times  a  motor 
driving  a  printing  press  in  Bombay  or  Pekin  or  Moscow  is  about 
equally  likely  to  have  been  built  in  Berlin  or  Manchester  or 
Milan  or  Schenectady.  Even  if  the  ultimate  destination  may  be 
ascertained  it  is  not  practicable  to  countenance  departures  from 
the  strict  letter  of  the  Standardization  Rules  in  the  case  of  small 
machinery. 

But  for  large  machines  worth  many  thousands  of  dollars 
apiece  and  operated  under  skilled  supervision,  it  would  be  waste- 
ful to  forego  any  economic  advantage  compatible  with  sound 
engineering  practise.  As  a  concrete  case  let  us  assume  that  a 
large  operating  company  is  purchasing  a  20,000-kv-a.  generator 
which  will  be  cooled  by  circulating  through  it  every  minute 
50,000  cu.  ft.  (1420  cu.  m.)  of  air  taken  from  outside  the 
building.  In  the  summer,  on  days  when  the  humidity  is  high, 
the  circulating  air's  temperature,  even  after  passing  through  the 
air  washer,  may  sometimes  be  nearly  40  deg.     But  the  nature 
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of  the  load  may  be  such  that  the  station's  peak  in  summer  is 
half  of  its  mid-winter  peak,  or  even  much  less.  It  may  be  prac- 
ticable to  rely  on  15-deg.  circulating  air  for  the  mid-winter  peak. 
For  the  limiting  temperature  for  Class  A  insulation,  (105  deg.), 
this  represents  90  deg.  "  hottest  spot''  rise  as  against  65  deg. 
**  hottest  spot  "  rise  in  the  summer.  By  temperature  coils  in 
location  A  of  Fig.  1,  the  observable  rises  are: 

Stunmer— (106— 5 — 40)  =  60  deg. 
Winter—  (105—5—15)  =  85  deg. 
Consequently,  if  the  machine  has  ample  margin  as  regards 
mechanical  strength  and  if  the  prime  mover  is  adequate,  advan- 
tage ought  to  be  taken  of  its  in- 
creased capacity  in  winter  which 
would  be  of  the  order  of  25  or  30 
per  cent. 

Three  such  20,000-kv-a.   ma- 
chines, operated  on  the  basis  of 
loading  them  up  to  their  capacity 
1^  J!ipottem,S«tiir.for  as  indlcatcd  by  embedded  tem- 

I       I'dMsA'-Iiwibtion.  -^ 

perature  detectors,  would  do  the 
work  of  four  machines  operated 
in  strict  accordance  with  Section 
305  A  of  the  American  rules,  and 
the  saving  in  the  capital  com- 
ponent of  the  total  cost  of  man- 
ufacturing electricity  would  be 
quite  appreciable. 
Such  a  case  would  be  met  by  some  such  clause  as  follows : 
**Contractors  will  be  required  to  guarantee  that  the  machine  shall  be 
in  all  respects  in  strict  accordance  with  the  1916  edition  of  the  American 
rules  with  the  following  exception: 

Exception.  The  machine  shall  have  ample  mechanical  strength  and 
shall  be  in  all  other  respects  adequate  to  carry  the  increased  load  which 
with  a  circulating^air  temperature  of  15  deg.,  may  be  carried  without 
occasioning  hottest-spot  temperatures  in  excess  of  those  set  forth  in  the 
American  rules  as  approved  for  the  class  of  insulation  employed.  For 
the  acceptance  tests,  the  embedded- temperature-detector  method  sup- 
plemented by  measurements  of  the  resistances  of  the  main  windings 
and  by  surface  thermometer  measurements,  shall  be  employed  for  de- 
termining the  temperature  attained. 

Margin  of  Safety 
Adherence  to  the  recommendations  in  the  British  and  Ameri- 
can Standardization  Rules  ensure  very  liberal  margins  of  safety. 
This  is  apparent  from  Fig.  2  in  which  the  shaded  areas  indicate 


(of 


Temperature 
"  reference. 
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respectively  for  machines  with  Class  A  insulation,  the  tempera- 
ture ranges  above  the  permitted  hottest-spot  temperature  of  105 
deg.  which  technically  are  available  but  which  are  not  allowed,  and 
the  temperatures  below  the  reference  ambient  temperature  which 
are  liable  to  exist  in  most  locations  during  certain  seasons  of 
the  year.  The  unshaded  area  represents  the  temperature  range, 
utilization  of  which  is  approved  in  the  American  rules.  There 
is  no  disposition  to  suggest  encroachment  upon  these  liberal 
margins  of  safety;  they  are  simply  in  accordance  with  the  best 
and  most  valued  traditions  of  the  engineering  profession. 

Equivalent  Tests 
We  now  arrive  at  a  matter  with  which  the  Standardization 
Rules  do  not  yet  deal,  at  any  rate  with  any  approach  to  thor- 
oughness.   The  deficiency  relates  to  indicating  the  nature  of  the 


Fig.  3 — Twelve-Pole — 8750-kv-a. — 6600-Volt — 500-rev.    per  min. — 
Three-Phase  Generator 


tests  which  shall  be  regarded  as  satisfactory  criteria  for  deter- 
mining the  temperature  rise.  Several  methods  are  in  vogue,  but 
for  testing  a  single  large  machine,  no  method  in  common  use  is 
thoroughly  satisfactory.  Doubtless  the  matter  will  be  given 
very  careful  consideration  by  the  Standards  Committees  before 
rules  are  adopted. 

The  author  has  already  mentioned  some  large  waterwheel 
generators  which  he  recently  tested.  These  were  500-rev.  per 
min.,  50-cycle  three-phase  generators  with  a  rating  of  8750  kv-a. 
These  machines  were  of  the  design  indicated  in  Fig.  3.  Advantage 
was  taken  of  the  opportunity  to  employ  for  the  heat  test  a 
method  which  may  be  termed  a  cyclic  heat  run.*    It  appears  to 

*This  cyclic  method  of  testing  electrical  machines  was  first  described  in 
an  article  by  Hobart  and  Punga  in  the  Electrical  World  for  April  22,  1905. 

See  also  an  article  by  the  author  in  the  General  Electric  Review  for 
November  1911,  entitled  "A  Method  for  Testing  the  Heatinff 
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be  especially  well  adapted  to  a  machine  of  the  kind  tested. 
The  test  consisted  in  operating  the  machine  for  alternate  15- 
minute  periods  on  open  circuit  with  super-normal  pressure  and 
on  short  circuit  with  super-normal  current.  The  degree  of  the 
super-normality  was  so  selected  as  to  occasion  in  each  complete 
half-hour  cycle,  as  nearly  as  practicable,  the  conversion  into 
heat  of  the  same  amount  of  energy  in  each  part  of  the  machine 
as  would  be  occasioned  in  each  part  were  the  machine  to  deliver 
the  actual  load  which  it  was  the  object  of  the  test  to  investigate. 
The  normal  pressure  of  the  machine  was  6600  volts  between 
terminals.  (3800  volts  per  phase)  and  heat  tests  were  required 
at  each  of  the  three  different  loads  set  forth  as  follows: 


Designation 
of  heat  run 

Kilovolt 
amperes 

Power 
factor 

Current 
per  phase 

Terminal 
pressure 

I 

II 
III 

7.000 

8,760 

10.937 

1.00 
0.80 
0.80 

614  amperes 

766 

960 

6600  volte 

a               N 
m              m 

For  each  of  the  three  heat  runs  it  was  desired  to  provide 
heating  conditions  equivalent  to  the  loads  just  set  forth.  This 
was  accomplished  by  cyclic  tests  with  the  following  conditions: 


Designation  of  heat  run 

I 

II 

III 

For  the  short-circuit  periods 

119 
6.10 

864 
24.0 
18.0 

148 
7.9 
1070 
37.8 
26.6 

186 
12.4 
1344 
60.0 
42.3 

Rotor  excitation  (amperes) 

76-deff.  rotor  i«  R  loss  flcw.^ 

Stfttor  cumnt  funifMrfHi) 

76-deff.  stator  /■  R  loss  (kw.) 

Stray  load  loss  (lew.). 

For  the  open-circuit  periods 

327 
38.6 
8420 
270 

327 
38.6 
8420 
270 

324 
38.0 
8360 
260 

76-deg.  rotor  i«  R  loss  (lew.) 

Terminal  oressure  fvolte) 

Core  loss  fkw.). .                        ......      ....... 

Before  these  values  were  determined  upon,  curves  of  no-load 
excitation,  short-circuit  excitation,  core  loss  and  stray-load  loss 

Alternators."  On  February  28,  1913  this  and  other  "Methods  of  Testing 
Apparatus  for  Performance"  were  discussed  at  the  Midwinter  Convention 
of  the  A.  I.  £.  £.  For  this  discussion  see  pp.  714  to  721  of  Vol.  XXXII  of 
Trans.  A.  I.  B.  B. 
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had  already  been  taken.  These  are  reproduced  in  Figs.  4, 5,  6  and 
7.  The  resistances  of  the  windings  had  also  been  measured  and 
reduced  to  the  75-deg.  reference  values.f    The  resistances  were: 

Stator  winding  per  phase 0.0110  ohm 

Rotor  winding. 0.360    ohm 

HOURS  FROM  COMMENCEMENT  OF  JtST 


12.000     16.000     20.000     24.000    2SJ00O 
EXCITATION  IN  AMPERE  TURNS  PER  FIELD  POU 

FiG.  4 — No-LoAD  Saturation  Curve  of  12-Pole — 8750-kv-a.— 6600 
Volt — 500-rev.  per  min. — Three-Phase  Generator 


'0  2O0O       4000        6000        8000       10000     12000 

EXCITATION  IN  AMPERE  TURNS  PER  FIELD  SPOOL 

Fig.  5 — Short-Circuit  Excitation  Curve  of  12-Pole — 8750-kv-a.— 
6600-VoLT — 500-REV.  PER  MIN. — Three-Phase  Generator 

The  value  of  the  internal  windage  was  estimated  to  be  30.0  kw. 
The  extent  of  the  equivalence  to  the  actual  losses  for  the  three 
loads  is  seen  from  the  data  in  the  following  table: 

tSection  432  of  the  American  rules  is  to  the  effect  that  "the  efficiency, 
of  all  loads,  of  all  apparatus,  shall  be  corrected  to  a  reference  temperature 
at  75  degrees."  ^ .^.^.^^^  ^^  GoOglc 
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Losses  during  the: 


Open-cir- 
cuit half 
of  the  cycle 


Short-cir- 
cuit half 
of  the  cycle 


Average 

losses 

during 

cyclic 

test 


Losses 
corres- 
ponding to 
actual  load 
of  7000 
kv-a.  at 
at  P.P.  - 
1.00 


SUitOT  I*R 

Rotor  l*R 

Core  loss 

3tray-load  loss . . 
Internal  windage 


0 

38.5 

270.0 

0 
30.0 


24.0 
5  1 
0 

18.0 
30.0 


12.0 

21.8 

135.0 

9.0 

30.0 


12.5 
17.8 
110.0 
11.5 
30.0 


Total  loss  - 


207.8  kw. 


190.8  kw 


Losses  during  the: 


Open-cir- 
cuit half 
of  the  cycle 


Short-cir- 
cuit half 
of  the  cycle 


Average 

losses 

during 

cyclic 

test 


Losses 
corres- 
ponding to 
actual  load 
of  8760 
kv-a.  at 
P.P.  - 
0.80 


Stator  nR 

Rotor  I*R 

Core  loss 

Stray-load  loss . . 
Internal  windage 


0 

38.5 

270.0 

0 
30.0 


37.8 

7.9 

0 

25.5 

30.0 


18.9 
23.2 
135.0 
12.8 
30.0 


19.4 
27.9 
119.5 
15  3 
30.0 


Total  loss  - 


219.9  kw. 


212.1  kw. 


Losses  during  the: 


Open-cir- 
cuit half 
of  the  cycle 


Short'Cir- 

cuit  half 

of  the  cycle 


Average 

losses 

during 

cyclic 

test 


Losses 
corres- 
ponding to 
actual  load 
of  10937 
kv-a.  at 
P.P.  - 
0.80 


Stator  I*R 

Rotor  1*R 

Core  loss 

Stray-load  loss... 
Internal  windage . 


0 

38.0 

260.0 

0 
30.0 


60.0 
12.4 
0 
42.3 
30.0 


30  0 
25.2 
130.0 
21.2 
30.0 


30.5 
32.6 
120.0 
21.5 
30.0 


Total  loss  - 


236.4  kw. 


234.6  kw. 


The  temperatures  of  the  circulating  air  were  determined  at  the 
inlet  and  outlet  from  the  mean  of  the  readings  of  severa^ther-    t 
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mometers.    The   results  and  the  **loss  per  degree  air  rise,"  are 
given  as  follows: 


Designation  of 
heat  run 

ToUl  loss  in 
machine 

Air  rise  in 
machine 

Loss  per  degree 
air  rise 

I 

II 
III 

208  kw. 
220  kw. 
236  kw. 

12.4  deg. 
18.0     - 

15.5  " 

16.8  kw. 

16.9  kw. 
15.3  kw. 

Averag 

e  value  for  loss  per  degree 

ur  rise 

16.3  kw. 

It  can  fairly  be  asstuned  for  this  particular  design  that  the 
heat  corresponding  to  90  per  cent  of  the  loss  in  the  machine  is 

i4oor 


'0  100  200         300 

CORE  LOSS  IN  KIUMMTTS 

Fig.  6 — Curve  of  Core  Loss  of 
12-PoLE— 8760-Kv-A.  —  6600-VoLT 

— 500-REV.  PER  MIN.    ThREE-PHASE 

Generator 


20  40 

stray  loao  loss  in  kilowatts 

Fig.  7 — Curve  of  Stray  Load- 
Loss  of  12-Pole — 8750-kv-a. — 
6600-VoLT — 500-REV.  per  min.— 
Threb-Phasb  Generator 


carried  off  by  the  circulating  air,  the  remaining  10  per  cent  being 
dissipated  from  the  surfaces  of  the  machine. 

Therefore  we  have,  as  carried  away  by  the  circulating  air: 
16.3  X  0.90  =  14.7  kw.  per  degree  rise. 

One  kilowatt  raises  the  temperature  of  1000  cu.  ft.  of  air  per 
minute  (0.47  cu.  m.  per  second)  by  1.78  deg.,  or: 

A  temperature  rise  of  1  deg.  will  be  occasioned  by  a  loss  of  1 
kilowatt  for  a  circulation  of  1780  cu.  ft.  per  min.(0.84  cu.  m.  per 
second). 

Consequently  we  have: 

Quantity  of  circulating  air  =  14.7  X  1780  =  26,200  cu.  ft.  per 
min.  (12.4  cu.  m.  per  second). 
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In  the  following  table  are  brought  together  for  the  three  heat 
runs  the  results  obtained  by  the  embedded  teinperature  detectors 
in  the  locations  designated  by  A  and  B  in  Fig.  1,  and  also  the 
results  for  the  mean  of  A  and  B. 


Designation  of  heat  run 

I 

II 

Ill 

Total  loss  in  machine 

^             ...          Location-A. 

•^?!?!rr^    "       Loction-B. 
embedded  detectof.        m^„„,a4b. 

Loss  per  degree  of  mean  rise 

Average  for  the  three  heat  runs  for  the 
loss  per  deg.  of  mean  rise 

208  kw. 
33.0  deg. 
26.3     - 
29.7     " 
7.00  kw. 

220  kw. 
36.0  deg. 
28.8     - 
32.4     - 
6.80  kw. 

236  kw. 
41.6  deg. 

29.3  * 

36.4  - 
6.70  kw. 

6. tS  kilowatts 

It  is  to  be  noted  that  by  mean  rise  by  embedded  detectors  is 
meant  the  mean  of  the  two  maxima,  the  one  being  the  maximum 
for  location  A  and  the  other  being  the  maximum  for  location  B. 

The  results  for  these  three  heat  runs  by  the  cyclic  method 
deviate  from  the  average  result  by  less  than  3  per  cent  in  the  case 
of  the  "loss  per  degree  mean  rise  by  embedded  detectors" 
and  by  only  6  per  cent  in  the  case  of  the  "loss  per  degree  air 
rise  in  machine."  These  values  speak  well  for  the  accuracy  of 
the  cyclic  test. 

These  and  the  temperature  rises  obtained  at  other  parts  are 
brought  together  in  the  following  summary  in  which  the  results 
from  which  the  highest  **  hottest  spot  **  temperatures  are 
deduced,  are  in  heavy  type. 


Designation  of  heat  run 

I 

II 

III 

Kilo  volt  amperes 

7000 

1.00 
6600 
614 

8750 

0.80 
6600 
766 

10937 
0.80 
6600 
960 

Power  factor 

Terminal  pressure  (volts) 

Maximum  observed  rise  by  tempera- 
ture detectors 

ss.o 

33.0 
26.3 
29.7 

36  0 

36.0 
28.8 
32.4 

41.6 

41.6 
29.3 
35.4 

Observed  by      i     In  location  "A" 

temperature             "          "       "B" 

detectors               Mean  of  A  ft  B 

Maximum  observed  rise  of  rotor  wind- 
winding   

19  0 

19  0 

20  5 

Observed  risestator  winding  byresistance 

ts.o 

S4.S 

tt.O 

12.4 

13.0 

15.5 

Deduced  hottest-spot  temperature  cor- 
responding to  ambient  temp,  of  refer- 
ence   

78.0 

84.6 

9^0 
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It  is  interesting  to  note  that  in  heat  runs  II  and  III  the  hottest- 
spot  temperature  co'rresponds  to  the  observations  of  the  rise  of 


HOURS  FROM  COMMENCEMENT  OF  RUN 


0  2  4  6       . 

Fig.  8 — Temperature-Time  Curves  for  Cyclic  Heat  Run  Equivalent 
TO  7000  kv-a.  at  Power  Factor  =  1.00 

the  stator  winding  by  resistance  and  not  to  the  results  obtained 
by  the  embedded  detectors.  This  is  for  the  reason  that  the 
Standardization  Rules  require  10  deg.  to  be  added  to  the  observed 


S^ 

lector 

i 

.flcrShal 

Down 

jT 

\/^ 

Down 

f 

A.D. 

MOffC 

Outlet 

Ur 

Inlet /| 

\t 

Air  In  R 

torn 

Fig.  9 — Temperature-Time  Curves  for  Cyclic  Heat  Run  Equivalent 
TO  8750  Kv-A.  AT  Power  Factor  =0.80 

temperature  as  determined  by  the  resistance  method  and 
require  5  deg.  to  be  added  to  the  observed  temperature  as 
determined  from  the  highest  reading  of  any  of  the  embedded 
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detectors.  Such  results  may  occur  in  machines  so  designed  that 
no  part  of  the  stator  winding  is  much  hotter  or  cooler  than  the 
average  temperature  of  the  stator  windings. 

In  Figs.  8,  9  and  10  are  given  curves  showing  the  progress  of 
the  heating  during  the  cyclic  tests. 

It  should  be  understood  that  this  paper  has  been  chiefly  con- 
fined to  a  discussion  of  those  parts  of  the  temperature  sections 
of  the  rules  which  deal  with  rotating  machinery  and  that  even 
in  this  small  portion  of  the  rules  there  are  various  matters  of 
interest  and  importance  which  have  not  been  considered.     On 


2  4 

hours  from  commenccmcfit  of  test 
Fig.  10. — Temperature-Time  Curves  for  Cyclic  Heat  Run 
Equivalent  to  10,937  kv-a.  at  Power  Factor  =0.8 


the  subject  of  transformers  there  are  further  matters  of  import- 
ance in  the  temperature  sections.  The  sections  on  dielectric 
tests  and  those  on  efficiency  and  regulation  present  features  of 
at  least  equal  importance  as  regards  both  rotating  machinery 
and  transformers. 

The  author  entertains  the  hope  that  his  paper  soon  may 
constitute  one  of  several  papers  by  others  along  these  general 
lines  and  that  by  making  this  beginning  he  may  have  promoted 
in  some  measure  the  important  undertaking  of  standardization  of 
electrical  machinery. 
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APPENDIX 


A  Comparison  op  the  Temperature  Limits  in  the  British 
AND  THE  American  Rules  for  Electrical  Machinery 
In  the  following  collection  of  Tables  the  three  methods  of 
determining  the  temperature  are  designated  I,  II  and  III,  follow- 
ing the  arrangement  in  the  American  rules.  Briefly  these 
methods  are  defined  in  the  American  rules  as  follows: 


Designating 

number  of 

method 

Designating 
name  of 
method 

Description  of  method 

I 
II 

III 

Thermometer 
method 

Resistance 
method 

Embedded- 
temperature- 
detector 
method 

This  method  consists  in  the  determination  of  the 
temperature,  by  mercury  or  alcohol  thermometers,  by 
resistance  thermometers,  or  by  thermocouples,   any  of 
these  instruments  being  applied  to  the  hottest  accessible 
part  of  the   compUUd  machine,  as  distinguished  from 
the    thermocouples  or  resistance    coils    embedded  in 
the  machine  as  described  under  Method  No.  III. 

This  method  consists  in  the  measurement  of  the 
temperature  of  windings  by  their  increase  in  resistance, 
corrected  to  the  instant  of  shut-down,  when  necessary. 
In  the  application  of  this  method,  thermometer  meas- 
uremenU   shall  also   be   made   whenever  practicable 

the   probability  of  revealing  the  highest  observable 
temperature.      Whichever    measurement    yields    the 
higher  temperature,  that  temperature  shall  be  taken 
as  the  "highest  observable"  temperature. 

This  method  consists  in  the  use  of  thermo-couples  or 
resistance  temperature  detectors,  located  as  ncariy  as 
possible  at  the  estimated  hottest  spot.     When  Method 
No.  Ill  is  used,  it  shall,  when  required,  be  checked  by 
Method  No.  II;  the  hottest  spot  shall  then  be  Uken 
to  be  the  highest  value  by  either  method,  the  required 
correction  factors  being  applied  in  each  case. 

1. — Limits    op    Observable    Temperature    for    Class    A 
Materials  When  Methods  I  and  II  are  Employed 
For  these  cases  the  limits  are  set  forth  on  the  first  insert 
herewith. 

2. — Limits    of    Observable    Temperature    for    Class    B 
Materials  When  Methods  I  and  II  are  Employed 
The  second  insert  sets  forth  the  limits  for  these  cases. 
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BROAD  DB- 

SCRIPTION 

OPTHBPART 

OP  THB 

MACHINE 


Stationary 
and  rotating  d-c 
field  coils 


Rotating  ar- 
matures with 
commutators 


A-c.  windings 
in  sloto  (of  the 
ratings  for 
which  method 
III  is  not  re- 
quired) 


S  h  o  r  t  -  c  i  r- 
'Cuited  windings 


Air-cooled 
transformers 


Oil-immersed 
transformer 


Induction 
regulators 


Iron  cores 


NoTB.     Both  the 
temperature  limits 


I 
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3. — Limits  of  Observable  Temperature  for  Class  A  and 
Class  B  Materials  When  Method  III  is  Used 
When  Method  III  is  used,  the  limits  set  forth  in  the  British 
and  American  rules  are  identical  and  are  set  forth  below  for 
machines  of  various  voltages. 


VolUge  of  Machine 

Permissible  limits  of     temperature  as   measured  by 
embedded  temperature  detectors 

Temperature  detectors 

located  between  top  and 

bottom  coil-sides  in 

two-layer  windings 

Temperature  detectors 

located  between  coil-side 

and  core  and  between 

coil-side  and  wedge 

Class  A 

Class  B 

CUssA 

Class  B 

Not  oveT  5000  volts 

100  degrees 

120  degrees 

05  degrees 

115  degrees 

Between    6000  &    6000  volt*  .. 

100      - 

120       - 

94       - 

114       - 

6000  &    7000       - 

100       " 

120       - 

93       " 

113       - 

7000  &    8000       - 

100       * 

120       - 

92       - 

112       - 

8000  ft    9000       " 

100      • 

120       • 

91       - 

111       • 

9000  &  10000       • 

100       " 

120       * 

90       - 

110       ' 

10000  St  11000       * 

100      - 

120       - 

89       - 

109       ■ 

11000  &  12000       • 

100      • 

120       - 

88       - 

108       - 

Note:  Method  III,  (Defined  and  discussed  in  sections  352  to  356  of 
the  American  Rules)  is,  in  the  American  Rules,  mandatory  for  all  stators 
of  machines  (exclusive  of  induction  regulators)  with  cores  having  a  width 
of  50  cm.  (20  inches)  and  over,  and  also  for  all  machines  of  5000  volts  and 
over,  if  of  over  500  kv-a.,  regardless  of  core  width.  The  method  is  not 
mandatory  in  the  British  Rules  but  section  63  of  those  rules  states  that: 
"When  so  specified  with  the  inquiry,  embedded  temperature  detectors 
shall  be  employed  in  the  case  of  a  machine  of  over  3000  kilowatts  if  wound 
for  a  rated  pressure  exceeding  3300  volts." 
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THE  POWER  COMPANY'S  PROBLEM  IN  THE  ELECTRIC 
SUPPLY  FOR  LARGE  SINGLE-PHASE  LOAD 

BY    WILLIAM    C.  L.  EGLIN 


Abstract  of  Paper 

The  position  taken  by  the  power  company  is  that  it  should 
be  able  to  supply  all  needs  of  energy  in  the  community  whether 
for  industrial,  street  railway  or  trunk  railroad  use.  The  power 
company  must  also  be  able  to  supply  energy  of  uniform  pressure 
whether  single-phase,  two-phase  or  three-phase,  at  whatever 
voltage  best  suits  the  consumer.  These  conditions  are  best 
met  by  polyphase  generating  units,  and  three-phase  units  are 
almost  universally  adopted  on  account  of  the  economy  in  trans- 
mission which  they  permit. 

When  the  demand  for  single-phase  current  is  heavy  enough 
to  produce  an  unbalance,  some  means  of  balancing  must  be 
provided  in  order  to  prevent  reduction  in  the  output  of  the, 
generator,  and  also  to  maintain  uniform  voltage  on  all  phases. 
Three  methods  of  balancing  are  discussed;  first,  by  equipping 
the  generator  field  with  damping  devices;  second,  by  the  use  of  a 
separate  machine  similar  to  the  three-phase  induction  motor: 
third,  by  means  of  a  synchronous  phase-balancer  consisting  of 
a  two-unit  machine,  one  of  which  transfers  energy  between 
phases  and  the  other  balances  the  voltage.  Correction  for 
power  factor  on  each  individual  large  consumer's  line  is  suggested. 


FUNDAMENTALLY,  the  power  company  should  be  pre- 
pared to  supply  electric  energy  for  all  the  uses  required  in 
the  territory  which  it  serves.  The  greater  the  variety  of  utiliza- 
tion of  the  power  company's  service,  the  greater  is  the  diversity 
factor — the  non-coincident  demands  within  a  twenty-four  hour 
period  or  within  the  yearly  period  of  operation — which  increases 
and  improves  both  the  daily  and  the  yearly  load  factors,  and 
enables  the  generating  plant  to  operate  more  efficiently. 

In  order  that  it  may  furnish  service  in  the  simplest  way,  it 
is  the  policyand  aim  of  the  power  company  to  select  such  voltages 
and  frequencies  for  the  generating  equipment  as  are  best  adapted 
to  meet  the  requirements  of  its  consumers'  apparatus.  Practically 
without  exception  in  this  country  at  this  time,  the  main  gener- 
ating stations  of  large  power  companies  are  equipped  to  supply 
polyphase  alternating  currents,  at  high  voltages  and  at  fre- 
quencies of  either  25  cycles  or  60  cycles. 

A  word  in  retrospect : 

The  power  companies'  principal  business  in  their  earlier  period 
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was  lighting.  The  use  of  lighting  is  restricted  usually  to  the 
hours  of  darkness,  so  that  the  period  of  maximum  load  was  a 
relatively  small  percentage  of  each  twenty-four  hours.  The 
diversity  factor  of  this  load,  due  to  the  combination  of  stores, 
residences  and  factories,  did  not  improve  the  load  factor  very 
materially,  on  account  of  the  occurrence  simultaneously  of  these 
loads  between  the  hours  of  four  and  six  p.m.,  forming  a  very 
abrupt  peak  in  the  load  diagrams,  especially  during  the  winter 
months.  The  value  of  a  motor  load  was  therefore  recognized, 
because  it  would  be  more  continuous  and  because  its  require- 
ments for  power  would  increase  very  considerably  over  the  re- 
quirements for  lighting. 

The  next  logical  step  in  increasing  the  load  factor  was  the 
broad  position  taken  by  the  power  company,  to  supply  all  of 
the  needs  for  energy  in  the  community;  first,  by  supplying  energy 
to  large  industries;  then,  to  the  street  railways;  and  finally, 
to  the  steam  railways  in  its  territory. 

Another  important  and  very  obvious  consideration,  from  the 
power  company's  standpoint,  is  to  operate  the  plant  at  its  maxi- 
mum efficiency.  This  means  loading  the  generating  units  with  the 
load  which  will  produce  the  maximum  steam  economy  in  a  steam 
generating  station  and  entail  the  minimum  investment  in  plant. 

The  generating  apparatus  must  be  capable  of  delivering  to 
the  consumers,  energy  of  uniform  pressure,  irrespective  of  the 
demands,  and  the  power  company  must  stand  ready  to  supply 
single-phase,  two-phase  and  three-phase  current  at  any  voltage 
that  best  suits  the  individual  consumer.  These  conditions  are 
best  met  by  polyphase  generating  units;  and  on  account  of 
the  economy  in  transmission,  three-phase  units  are  being  uni- 
versally adopted. 

The  power  requirements  of  individual  consumers  in  a  large 
territory,  are  of  a  varied  character,  demanding  a  close  regulation 
of  pressure  through  a  range  of  their  loads  from  no-load  to  full 
load. 

With  the  balanced  three-phase  load  of  a  consumer  there  are 
no  serious  difficulties  involved,  and  even  with  the  two-phase 
load  which  can  be  partially  balanced  by  means 'of  T-connected 
transformers,  the  difficulties  are  of  little  importance,  and  can 
be  taken  care  of  either  by  individual  automatic  regulators  on 
the  feeders  supplying  the  consumer,  or  by  regulation  of  the  gen- 
erated voltage,  or  by  both. 

When  the  demand  for  single-phase  load  is  heavy,  and  espe- 
cially when  it  produces  an  unbalance— i.e.  when  a  single  consumer 
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requires  a  large  amount  of  single-phase  load  and  it  cannot 
be  balanced  by  other  consumers  also  requiring  single-phase 
load,  a  number  of  new  problems  are  presented:  The  capacity 
of  the  generating  apparatus  is  materially  reduced,  on  account 
of  the  load  being  limited  by  the  carrying  capacity  of  the  windings 
in  the  heavily  loaded  phase,  so  that  the  first  problem  is  to  provide 
some  means  of  balancing  the  single-phase  load,  or  splitting  the 
single-phase  load  on  the  generators,  to  enable  the  generator  to 
be  operated  at  its  normal  output.  The  second  problem  is  to 
maintain  uniform  voltage  on  all  phases  irrespective  of  the  unbal- 
ancing. There  are  several  methods  by  which  this  may  be  partially 
accomplished: 

Firsty  by  equipping  the  field  of  the  generator  with  damping 
devices,  which  consist  of  copper  conductors  imbedded  in  the  core 
and  short-circuited  at  their  ends;  this  enables  the  transfer  of 
energy  from  the  heavily-loaded  phase  to  the  under-loaded  phase. 
It,  however,  cannot  be  an  exact  balancing  of  the  load  and  does 
not  permit  of  the  balancing  of  potentials.  When  the  unbalance 
exists  only  in  one  phase  and  is  fixed,  some  adjustments  can  be 
made  which  will  approximate  uniform  voltage  upon  all  three 
phases.  The  addition  of  dampers  to  the  generator,  however, 
reduces  its  efficiency  and  adds  to  its  size  and  necessarily,  to  its 
first  cost,  and  it  would  probably  be  necessary  to  equip  all  gen- 
erators in  this  way.  On  the  other  hand,  the  balancer  capacity 
is  added  only  for  the  amount  of  unbalanced  single-phase  load. 

Second^  by  the  use  of  an  external  machine  connected  to  the 
generator,  similar  in  all  respects  to  the  three-phase  induction 
motor.  By  the  addition  of  boosters  on  each  phase,  regulation 
of  voltage  and  also  a  balance  may  be  effected.  When  the  un- 
balance exists  on  one  phase  and  it  is  known  that  this  will  always 
be  the  heavily-loaded  phase,  adjustments  can  be  made  in  the 
windings  of  this  rotating  machine  so  as  to  obtain  an  average  of 
balance  of  load  and  an  average  of  balance  of  voltage. 

Thirds  by  means  of  a  synchronous  phase  balancer,  which 
consists  of  a  two-unit  machine,  the  function  of  one  unit  of  which 
is  principally  to  transfer  energy  between  phases;  the  other  unit 
is  a  boosting  set  with  two  fields  at  right  angles  to  each  other, 
which  balances  voltage.  Thus,  by  use  of  the  combination, 
there  are  maintained,  uniform  energy  balance  and  uni- 
form voltage  balance.  These  fields  may  be  controlled  by 
automatic  regulators,  and  a  balanced  voltage  under  wide 
variations  from  zero  to  the  full  range  of  the  balancer  set,  may 
be  obtained.    Variations Jn  load  may  occur  on  any  phase,  with- jlc 
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out  in  any  way  aflfecting  its  satisfactory  operation.  The  opera- 
tion of  the  balancer  set  does  not,  in  any  way,  affect  the  economy 
of  the  generator.  It  does  permit  the  generator  to  be  operated 
at  its  most  efficient  load  and  to  carry  a  full  load,  irrespective 
of  the  unbalance,  up  to  the  capacity  of  the  balancer  set. 

The  losses  in  the  synchronous  phase-balancer  and  booster  are 
the  usual  losses  in  rotating  synchronous  apparatus,  consisting  of 
the  losses  in  the  windings  and  fields,  windage  and  friction  of 
its  bearings.  The  efficiency  of  a  machine  of  6000  kw.  is  approxi- 
mately 94  per  cent. 

As  previously  noted,  two  single-phase  loads  may  be  partially 
balanced  by  T-connected  transformers,  and  naturally  three  or 
more  single-phase  loads  may  be  distributed  on  the  three  phases 
so  as  to  produce  the  best  balancing  effect;  so  that  with  the  in- 
creased demands  for  single-phase  load,  additional  balancer 
capacity  may  not  be  required  in  a  large  generating  station. 

Because  of  the  fact  that  the  balancer  apparatus  is  a  synchron- 
ous machine,  the  portion  of  the  unit  which  is  designed  to  transfer 
energy,  will  be  made  somewhat  larger  and  could  be  used  as  a  syn- 
chronous condenser  to  improve  the  power  factor  of  the  system. 

The  principal  demand  from  large  consumers  is  alternating  cur- 
rent, either  single-phase,  two-phase  or  three-phase,  at  some  pre- 
determined, practically  uniform  voltage.  With  varying  demands 
from  no-load  to  full  load,  good  regulation  may  be  obtained 
by  the  various  automatic  devices  to  regulate  the  generating 
voltage  on  individual  feeders.  Variation  in  voltage  upon  feeders, 
however,  may  become  excessive  with  inductive  loads.  These 
loads  may  also  produce  at  the  generating  station  a  low  power 
factor,  with  a  consequent  under-loading  of  the  generators,  re- 
ducing their  capacity  and  possibly  necessitating  their  operation 
at  some  point  lower  than  their  maximum  steam  economy. 

There  are  great  variations  in  the  power  factors  of  individual 
consumers,  depending  upon  the  nature  of  their  loads.  As  this 
also  prevents  the  economical  loading  of  the  generating  units, 
some  means  should  be  provided  to  correct  for  power  factor, 
and  I  believe  that  each  individual  large  consumer  should  be  cor- 
rected for  practically  unity  power  factor,  and  to  do  this  the 
proper  synchronous  condenser  capacity  should  be  introduced  at 
some  point  in  the  consumer's  line  where  the  most  economical  re- 
sults can  be  obtained.  This,  however,  will  vary  very  largely  with 
each  individual  consumer  and  must  be  studied  in  each  case. 
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Abstract  of  Paper 

American  central  stations,  contrary  to  European  practise,  have 
extensively  adopted  single-phase  distribution  from  polyphase 
stations,  balancing  the  loads  among  Ihe  different  phases  by 
grouping  of  the  single-phase  feeders  or  the  distributing  sub- 
stations. Voltage  regulation  for  lighting  circuits  has  been  sup- 
plemented by  individual  regulators.  Generators  with  good 
single-phase  characteristics  were  sometimes  employed.  In  other 
cases  generators  were  installed  of  larger  kilovolt-ampere  rating 
than  the  kilowatt  capacity  of  the  steam  unit. 

Large  customers,  using  electric  welding  machines,  electric 
furnaces,  etc.,  assist  the  balancing  by  dividing  their  load  between 
the  two  or  three  phases. 

In  cases  of  railroad  companies'  generating  stations,  the  single- 
phase  power  is  furnished  from  three-phase  generators  of  special 
design.  In  cases  of  purchased  power  from  central  stations,  dif- 
ferent methods  of  supply  may  be  available. 

In  connection  with  the  supply  of  service  to  the  Western  por- 
tion of  the  New  Haven  Railroad  electrification  by  the  New  York 
lighting  companies,  four  methods  were  cons^'dered  contemplating 
the  supply  of  power — (1)  directly  from  the  25-cycle  system  bus- 
bars; (2)  from  a  separate  section  of  the  25-cycle  system  busbars; 
(3)  from  a  60-cycle  station  with  frequency  changers  at  the  de- 
liver\'  point;  (4)  from  special  25-cycle  generators  installed  in 
the  latter  station.  On  account  of  the  requirement  of  parallel 
operation  with  the  railroad  power  plant,  the  first  method  would 
not  give  the  necessary  load  control.  The  second  method  was 
dismissed  on  account  of  the  requirements  of  balancers  and  also 
longer  transmission  lines  than  the  other  methods.  The  third 
plan  necessitated  a  large  investment  in  special  apparatus  and  gave 
poor  efficiency  of  conversion.  The  fourth  method  was  adopted  as 
it  gave  complete  control  of  the  load  and  voltage,  and  maximum 
efficiency  of  transmission.  The  larger  original  investment  in  new 
generator  capacity  was  partly  compensated  for  by  its  value  to 
the  companies  as  a  standard  equipment  for  supplying  their  future 
demands  and  other  three-phase  existing  loads  in  the  immediate 
districts.    The  equipment  is  described. 


CONTRARY  to  European  practise,  the  distribution  of  single- 
phase  currents  from  polyphase  stations  is  very  common 
in  American  central  station  practise.  The  balancing  of  loads 
among  different  phases  has  been  accomplished  by  grouping  of 
single-phase  feeders  on  different  phases.    The  exacting  require- 
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ments  of  regulation  for  lighting  circuits  have  been  met  by 
supplementing  the  regulation  obtained  from  the  main  supply 
with  individual  regulators  on  each  single-phase  feeder  circuit. 
These  circuits  feed  different  districts. 

Where  the  distribution  is  done  from  different  substations, 
fed  from  a  generating  station,  the  transmitting  lines  between 
generating  station  and  substations  may  be  two-  or  three-phase, 
one  of  the  phases  carrying  the  heavy  lighting  load  in  addition 
to  its  share  of  the  power  load,  which  is  equally  divided  among 
the  phases.  In  such  cases  the  substations  are  divided  into 
two  or  three  groups,  each  group  having  the  heavily  loaded  phase 
connected  to  a  different  phase  of  the  generating  station,  so  that 
the  loads  of  all  phases  are  approximately  equally  divided. 

The  operation  of  such  systems  has  never  given  any  inconven- 
ience. In  the  early  years  the  distributing  stations  and  the  indivi- 
dual customers'  loads  were  small,  so  that  there  were  not  pre- 
sented great  difficulties  in  balancing  the  load  among  different 
groups  of  feeders  connected  to  different  phases.  With  the 
growth  of  the  system  and  the  introduction  of  distributing  sub- 
stations, fed  from  a  generating  station,  the  unbalancing  of  phases 
became  a  problem,  because  it  was  not  possible  to  maintain 
always  balanced  loads  on  different  phases,  notwithstanding  the 
care  taken  in  the  grouping  of  different  substations.  In  such 
cases  generators  were  secured  with  suitable  field  windings  and 
additional  copper  in  the  armature  to  give  good  single-phase 
characteristics;  in  other  cases  the  generators  were  also  built  of 
greater  kilovolt-ampere  rating  than  the  kilowatt  capacity  of 
the  steam  unit. 

As  an  illustration  of  the  former  case,  we  may  cite  the  14,000-kw. 
three-phase,  10,000-kw.,  single-phase,  60-cycle  generator  installed 
in  1906  in  the  Waterside  station  of  the  New  York  Edison  Com- 
pany. As  illustrations  of  the  second  case  are  the  three  19,000- 
kv-a.,  60-cycle  generators  driven  by  15,000-kw.  turbo  units 
installed  in  1913  in  the  201st  Street  station  of  the  United  Electric 
Light  &  Power  Company  of  New  York.  In  this  case  the  fields 
of  the  generators  were  also  provided  with  damper  windings 
which  would  permit  them  to  carry  7500  kv-a.,  single-phase  load. 
With  this  precaution  taken,  the  station  output  is  not  handicapped 
by  low  power  factor  or  unbalanced  loads,  and  is  capable  of  taking 
on  a  comparatively  large  single-phase  customer  without  handi- 
capping the  generating  capacity. 

Usually  the  load  unbalancings  are  only  temporary  and  of 
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relatively  high  power  factor  and,  therefore,  they  do  not  pre- 
sent the  same  difficulties  as  when  large  single-phase  loads, 
often  of  fluctuating  character,  are  to  be  supplied.  In  such 
cases  the  customer  can  greatly  assist  the  central  station  by 
dividing  his  load  as  nearly  as  possible  between  the  two  or  three 
phases,  as  it  will  give  a  better  balanced  voltage  condition.  This 
is  especially  true  in  electric  welding,  *electric  furnaces  and  pos- 
sibly in  single-phase  railroad  supply.  This  division  of  load  has 
been  accomplished  to  good  advantage  in  cases  of  large  industrial 
installations. 

When  large  amounts  of  single-phase  railway  load  supply 
are  to  be  furnished,  the  railroads  have,  from  the  beginning, 
established  the  practise  of  installing  three-phase  generators  to 
furnish  the  bulk  of  the  power  single-phase,  direct  from  the  gener- 
ators. The  generators  are  of  special  design.  In  cases  of  pur- 
chased power  from  central  stations,  it  may  be  possible  to  do  Away 
with  the  -special  design  generators  and  supply  the  single-phase 
loads  from  the  main  buses  of  the  power  company,  if  of  sufficient 
capacity,  or  .with  the  aid  of  phase  balancers  or  possibly  by  section- 
alizing,  on  different  phases,  the  railway  load. 

A  very  careful  study  of  the  most  advantageous  method  of 
supplying  a  large  single-phase  railroad  load  was  made  in  connec- 
tion with  the  negotiations  of  the  New  York  lighting  companies 
for  supplying  the  New  York,  New  Haven  &  Hartford  Railroad 
Company  with  the  power  for  its  western  end.  The  conditions 
of  service  required  the  supply  of  a  minimum  guaranteed  maxi- 
mum (hourly)  load  of  single-phase  power  of  6500  kw.,  at  70  per 
cent  power  factor,  with  momentary  peaks  of  250  per  cent  of 
this  load.  The  supply  was  to  be  paralleled  with  the  36,510-kv-a., 
single-phase  generating  station  of  the  New  York,  New  Haven 
&  Hartford  Railroad  Company  at  Cos  Cob.  Conditions  for 
parallel  operation  were  rendered  favorable  by  the  existence  of 
two  three-phase  11, 000- volt  lines  over  which  a  maximum  syn- 
chronizing power  of  10,500  kw.  could  be  supplied  to  the 
lagging  station,  with  approximately  23,600-kw.  of  power 
supplied  from  the  leading  station. 

The  supply  was  to  be  25-cycle  and  capable  of  controlling  its 
load  to  maintain  a  load  factor  as  desired.  In  addition,  the  con- 
trol was  to  be  such  as  to  divide  the  peak  loads  with  the  Cos 
Cob  power  station  in  proportion  to  the  maximum  one  hour 
load  taken  from  the  respective  sources. 

The  power  was  to  be  supplied  at  the  West  Farms  Junction 
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of  the  New  York,  New  Haven  &  Hartford  Railroad  Company 
at  22,000  volts,  single-phase,  with  the  neutral  grounded  to  the 
rails,  and  11,000  volts,  three-phase,  for  the  synchronizing  ties. 
The  voltage  was  to  be  maintained  at  this  supply  point  within 
the  limits  of  10,500  to  11,500  volts  under  all  conditions  of  load. 
The  generating  capacity  that  was  available  for  supplying  this 
load  at  the  time  of  these  negotiations  was  237,000  kw.,  25 
cyclefe,  and  22,500  kw.  60  cycles,  at  the  Waterside  stations  No. 
1  and  No.  2,  located  at  40th  Street  and  East  River,  and  45,000  kw. 
60  cycles  at  the  201st  Street  station,  located  at  the  Harlem  River. 

The  accompanjang  map.  Fig.  1,  shows  the  relative  locations 
of  these  stations  to  the  proposed  point  of  supply  at  West  Farms. 
The  distance  over  available  duct  routes  from  Waterside  station 
is  9.5  miles,  and  from  the  201st  Station  4.5  miles. 

With  these  stations  available,  the  following  methods  of  supply 
were  considered: 

I.  Power  supplied  from  the  Waterside  25-cycle  bus  which 
has  a  generating  capacity  of  237,000  k.w.  operating  in  para- 
llel. Here  the  total  capacity  of  the  generators  would  be  capable 
of  absorbing  the  single-phase  power  without  undue  heating  of 
the  generators. 

n.  Power  supplied  from  a  section  of  the  Waterside  25-cycle 
bus.  In  this  case  the  generating  capacity  operating  on  this 
bus  section  would  be  comparatively  small  and  phase  balancers 
would  be  required  to  balance  the  load  between  the  phases  as 
the  generators  were  not  constructed  for  supplying  a  single- 
phase  load  greater  than  10  to  15  per  cent  of  the  capacity  of  the 
machines. 

In  both  propositions  I  and  II,  the  voltage  would  be  stepped 
up  by  means  of  transformers  from  6600  to  24,000  volts  in  Water- 
side and  transmitted  at  this  voltage  over  24,000-volt  cables  to 
the  West  Farms  Junction  of  the  New  York,  New  Haven  &  Hart- 
ford Railroad. 

III.  Power  supplied  from  the  201st  Street  60-cycle  station 
transmitted  at  the  bus  voltage  of  7800  volts,  three-phase  to 
the  West  Farms  Junction  where  it  would  be  converted  by  means 
of  frequency  changers  to  11,000  volts,  25  cycles. 

IV.  Special  25-cycle  generators  installed  in  the  201st  Street 
station  which  would  be  capable  of  giving  the  required  single- 
phase  load  in  addition  to  supplying  other  25-cycle  load  in  this 
territory.  Here  the  voltage  would  be  stepped  up  to  24,000 
volts  and  transmitted  at  this  voltage  to  the  West  Farms  Junction 
of  the  New  York,  New  Haven  &  Hartford  Railroad. 

On  studying  these  four  propositions  it  was  found  that  the 
first  method  would  be  impracticable  as  it  would  not  give  the 
necessary  speed  control  for  division  of  loads  with*th.e  Cos  Cp^ 
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station.  It  would  also  not  be  possible  to  regulate  the  voltage 
supplied  without  the  installation  of  an  expensive  regulator  for 
this  purpose. 

Method  II  required  the  installation  of  phase  balancers 
which  was  a  new  type  of  apparatus  and  had  not  been  worked 
out  by  any  manufacturer.  The  cable  lines  would  be  very  long 
and  expensive,  and  there  would  be  no  available  space  in  the 
Waterside  stations  for  installing  the  transformers  and  phase 
balancers. 

The  layout  in  method  III  had  the  advantages  of  taking  three- 
phase  power  from  the  existing  buses  and  therefore  involving 
the  minimum  station  investment,  but  the  frequency  converters 
would  be  costly  and  uneconomical,  and  limited  in  application 
exclusively  to  this  service.  In  addition  they  would  require  an 
expensive  substation  for  their  installation  at  the  West  Farms 
Junction.  Also,  in  order  to  give  the  load  control,  it  would  be 
necessary  to  have  the  motor  of  these  frequency  changers  variable 
speed  with  certain  specific  drooping  characteristics  for  dividing 
the  load  in  the  desired  proportions  with  Cos  Cob.  Regenerative 
synchronous  converter  speed  control  in  connection  with  rotor- 
wound  induction  motors  was  considered  for  this  purpose  in  order 
to  increase  the  efficiency  of  the  conversion.  This  introduced  a 
complicated  and  rather  expensive  system  of  supply. 

Method  IV  seemed  to  offer  the  greatest  number  of  advantages 
as  it  would  give  complete  control  of  the  load  and  voltage  with 
a  short  transmission  cable  line.  While  the  cost  of  the  new 
generator  capacity  required  involved  a  much  larger  outlay,  still 
it  was  considered  that  ultimately  such  equipment  would  be 
utilized  both  for  the  railroad  load  as  well  as  for  the  company's 
increasing  demands.  For  this  consideration  the  method  proved 
to  be  the  cheapest  when  the  net  results  of  capital  outlay  and 
transmission  and  transformation  losses  were  considered  as  part 
of  the  cost. 

Therefore,  when  the  contract  was  signed  for  supplying  the 
New  York,  New  Haven  &  Hartford  Railroad  single-phase  load, 
two  25-cycle,  6600-volt,  three-phase  turbo  generators,  having  a 
high  single-phase  rating,  were  installed  in  the  201st  Street 
generating  station.  These  generators  were  rated  20,000  kw., 
three-phase,  at  unity  power  factor,  with  additional  single-phase 
guarantees  of  14,300  kv-a.  continuous,  after  which  17,600  kv-a. 
can  be  supplied  for  seven  minutes  with  a  momentary  peak  of 
21,000  kv-a.  for  two  minutes. 
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The  heavy  single-phase  rating  of  these  generators  was  made 
possible  by  the  use  of  special  damper  windings  in  the  field  poles. 
These  windings  were  necessary  in  order  to  neutralize  the  pulsating 
armature  reaction  of  single-phase  load.  The  voltage  of  these 
generators  was  made  6600  volts,  this  being  the  company's 
system  voltage. 

In  addition  to  the  supply  from  these  two  generators,  a  fre- 
quency changer  was  connected  between  the  25-  and  60-cycle 
buses  in  the  201st  Street  station.  This  25-cycle  bus  can  also 
transmit  or  receive  power  from  the  Waterside  station  through 
four  6000-kv-a.  existing  tie  lines  suppl)ring  power  in  the  neigh- 
boring territory. 

The  power  is  stepped  up  in  the  201st  Street  station  to  24,000 
volts  by  three  5500-kv-a.,  single-phase  transformers,  with 
1000-kv-a.  teaser  transformers  supplying  the  third  leg.  This 
gives  a  capacity  of  11,000  kv-a.,  single-phase,  with  one  bank 
and  cable  out  of  service,  with  sufficient  three-phase  capacity 
for  holding  the  two  generating  stations  in  step  during  times  of 
trouble  on  the  single-phase  lines.  All  transformers  and  cables 
are  capable  of  giving  50  per  cent  overload  for  one  hour  following 
the  full-load  run,  with  a  final  100  per  cent  overload  for  seven 
minutes  and  150  per  cent  for  one  minute.    ' 

Figs.  2  and  3  show  diagrammatically  the  method  of 
connections  in  the  201st  Street  generating  station  and  the 
West  Farms  substation  where  the  connections  are  made  to  the 
New  York,  New  Haven  &  Hartford  Railroad  lines. 

This  supply  has  now  been  in  operation  for  fourteen  months 
and  has  been  continuous  from  the  start  without  any  interference 
or  difficulty. 

The  above  description  of  this  supply  is  made  very  general  as 
the  details  have  already  been  published  in  the  technical  press.* 

*EUctrical  World,  Vol.  66,  No.  24,  1915,  Page  1300  and  Vol.  66.  No. 
26,  1916,  Page  1366. 

Electric  Railway  Journal,  Vol.  46,  No.  25,  1916,  Page  1200. 
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Discussion  on  'The  Power  Company's  Problem  in  the 
Electric  Supply  for  Lar^e  Single-Phase  Load"  (Eglin), 
"Supply  op  Single-Phase  Loads  from  Central  Sta- 
tions"   (ToRCHio),    Philadelphia,    Pa.,   Oct.    13,    1916. 

W.  S.  Murray:  In  the  days  of  the  not  distant  past,  there  can 
be  found  commentary  very  imfavorable  to  the  system  of  single- 
phase  traction,  based  upon  whether  that  power,  supplied  from 
central  stations  of  polyphase  design,  brought  about  unbalanced 
bus-bar  voltages. 

My  negotiations  for  the  40,000,000  kw-hr.  of  single-phase 
current  now  supplied  by  the  New  York  Edison  Company  to 
the  New  Haven  road,  were  effected  through  Mr.  Torchio, 
and  the  electrical  construction  details  necessary  to  such  a  supply 
were  perfected  under  joint  co-operation  of  the  engineering 
departments  of  the  two  companies.  There  have  been  no  dis- 
appointing features  in  practical  operation  to  mar  the  excellent 
operating  results  which  we  anticipated,  and  as  outlined  in  the 
contract  guarantee  of  power  supply. 

The  safe  and  sane  construction  and  regulation  features  of 
the  power  supply,  bearing  in  mind  the  necessity  of  perfect 
continuity  of  service,  in  combination  with  sjmclironous  opera- 
tion with  our  own  power  station,  have  made  this  western  supply 
to  our  electrification  zone  a  most  valuable  adjunct. 

Ten  years  ago  the  New  Haven  engineers,  elected  the  single- 
phase  system  of  propulsion  as  properly  applicable  to  the  New 
Haven  conditions  and  at  that  time  it,  of  course,  was  necessary 
to  decide  on  the  phase  characteristics  of  the  generators  to  be 
inst^ed  in  the  power  station,  its  location  at  Cos  Cob,  Conn., 
having  been  determined  as  the  economic  point  for  power  dis- 
tribution. In  these  earlier  days  the  copper  clad  dampened 
field  was  not  in  vogue  and  as  pointed  out  before,  central  stations 
would  have  looked  askance  at  the  proposition  to  furnish  from 
their  bus  bars,  a  single-phase  load  in  the  amount  necessary  to 
the  New  Haven's  requirements,  on  account  of  its  unbalancing 
terminal  voltage  effect.  The  New  Haven,  therefore,  had  to 
solve  this  problem  incident  to  its  own  power  generation,  and  I 
think  I  can  say  that  the  cost  to  us  of  its  solution  was,  for  our 
own  and  for  posterity's  sake,  a  valuable  investment.  At  this 
point  it  is  of  interest  to  say  that  what  was  immediately  apparent 
to  the  engineers  of  the  New  Haven  Road  was  the  fact  that  the 
best  economies  of  power  house  generation  demanded  balanced 
loads  in  the  phases  of  the  generators,  while  the  exact  reverse 
and  controlling  condition  prevailed  outside  of  the  power  house, 
in  that  the  most  economical  distribution  of  line  load  could  be 
effected  by  maintaining  one  phase  over  the  entire  system; 
thus  the  power  house  had  to  bow  to  the  line. 

The  interesting  step,  however,  that  followed  was  not  the  selec- 
tion of  single-phase  generators,  but  three-phase  generators. 
I  will  not  repeat  here,  what  may  be  found  in  the  archives  of  other 
papers  in  the  Institute,  regarding  our  early  troubles  incident 
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to  the  unbalanced  effect  of  single-phase  generation  by  poly- 
phase machines;  these  have  been  conquered  by  the  copper 
clad  field,  and  notwithstanding  our  three-phase  machines  are 
loaded  to  the  extent  of  80  per  cent  single-phase  current,  they  are 
at  the  same  time  distributing  three-phase  current  with  terminal 
voltages,  the  maximum  unbalancing  of  which  is  not  greater 
than  15  per  cent  imder  average  conditions.  Anticipating  that 
you  may  be  interested  in  what  the  actual  unbalances  are,  there 
follows  readings  which  I  had  taken  this  week  at  Cos  Cob  station. 


Cos  Cob  Pbak  Loads 


Time 

Phase  Voltages 

Load  kw. 

1-2 

2-3 

1-3 

5:33  P.  M. 

12200 

11600 

13400 

16000 

5:96      " 

12100 

11600 

13400 

16500 

5:88   •• 

12100 

11700 

13700 

17000 

5:42   •• 

12100 

11600 

13600 

18000 

5:48   •• 

12100 

11500 

13700 

18000 

5:54   •• 

12200 

11600 

13800 

19000 

6:08   •• 

12100 

11500 

13800 

>  21500 

«:1«   •• 

12200 

11500 

13800 

20000 

5:23   •• 

12200 

11500 

13800 

20000     1 

6:39   '• 

12200 

Ct 

11500 
3S  Cob  Low  Loae 

13000 
►s. 

24000 

1:42  A.  M. 

11700 

11800 

13500 

5500 

2:02   •• 

11000 

11500 

13300 

4500 

2:08   •• 

11900 

11600 

13000 

2700 

2:13   •• 

11900 

11700 

13100 

3800 

3:21   •• 

12300 

11500 

13000 

2900 

3:25   •• 

12300 

11600 

13000 

3300 

3:38   •• 

12300 

11700 

13000 

2900     1 

3:46   " 

12300 

11700 

13000 

3300 

3:49   '• 

12200 

11600 

12900 

3400 

3:57   •• 

12300 

11600 

13100 

3000 

As  Mr.  Torchio  has  pointed  out,  the  matter  of  unbalanced 
effects  due  to  the  supply  of  single-phase  loads  is  no  longer  of 
real  moment.  There  are  many  situations  where  the  unbalancing 
effect  (as  in  the  case  of  the  New  Haven  supply),  without  any 
other  correction  than  that  resulting  from  the  operation  of  copper 
clad  fields,  is  entirely  satisfactory.  For  example,  the  three-phase 
current  as  supplied  from  our  generators  previously  described,  is 
used  in  lighting  our  stations  and  for  the  operation  of  synchronous 
motors  and  converters,  operating  in  the  substations  of  railway 
and  lighting  companies  adjacent  to  our  property. 

If  further  refinement,  however,  in  regard  to  imbalanced  vol- 
tages is  required,  static  or  rotary  balancers  may  be  used.  In 
every  instance,  however,  the  conditions  of  power  supply  should 
be  especially  studied.  While  making  a  special  instaJlation  for 
the  New  Haven  conditions,  it  is  pointed  out  that  this  same 
equipment  is  practically  standard  and  applicable  to  placing 
power  on  the  buses  of  the  station  for  general  distribution,  as 
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demand  may  require.  Other  stations  might  demand  a  more 
perfect  balance  of  terminal  voltage  on  the  three  phases  to  be 
continually  maintained  on  the  busses  of  the  power  station, 
while  supplying  single  phase  from  two  of  the  phases.  This 
can  be  accomplished  through  the  medium  of  a  balancer  as 
brought  out  in  Mr.  Eglin's  paper. 

Peter  Junkersfeld:  I  would  like  to  call  particular  attention 
to  the  first  paragraph  in  Mr.  Eglin's  paper,  and  particularly 
the  first  sentence. 

He  says,  "fundamentally  the  power  company  should  be  pre- 
pared to  supply  electric  power  for  all  the  uses  required  in  the 
territory  which  it  serves." 

The  remainder  of  his  paper,  and  also  Mr.  Torchio's  paper, 
shows  one  notable  instance  in  which  that  has  been  done,  and 
also  points  out  the  four  different  methods  that  were  considered 
and  the  reasons  that  govern  the  final  adoption  of  the  one  that 
was  selected. 

The  general  public  who  ride  on  the  steam  cars,  who  ride  on 
the  surface,  elevated  and  subway  cars,  and  who  use  electric 
service  for  light  and  power,  are,  after  all,  in  the  last  analysis 
very  largely  one  and  the  same ;  so  that,  if  anything  is  done  in  an 
uneconomical  manner,  in  any  one  of  those  branches,  it  to  a 
certain  extent  involves  the  same  people. 

Certain  of  these  uses  for  electric  service  come  at  one  hour  of 
the  day  and  month,  and  certain  other  uses  at  another  time  of 
day  and  month ;  so  that,  if  the  fundamental  statement  that  is 
made  here  is  followed  out,  and  followed  out  to  the  full,  it  results 
in  the  best  economy  for  all  concerned.  That  applies  not  only 
to  the  particular  engineer  who  buys  and  installs  the  equipment, 
but  also  to  the  engineer  who  designs  and  manufactures  the  equip- 
ment. 

These  papers  refer  principally  to  the  supplying  of  railway  power 
in  large  centers  from  very  large  stations. 

I  think  we  all  feel  that  ultimately  the  use  of  electric  power  will 
be  very  extensive,  and  that  power  will  have  to  be  supplied 
through  widley  scattered  areas;  and  also  that  full  consideration 
must  be  given  to  the  dollars  already  invested,  and  these  dollars 
used  as  far  as  practicable: 

That,  then  immediately  brings  up  certain  fiuther  questions 
in  the  design  of  apparatus  and  the  design  and  construction  of  lines. 
It  will  probably  resolve  itself  into  practically  state-wide  trans- 
mission. 

In  state-wide  transmission  it  will  be  possible  to  connect  up 
large  sources  of  power,  and  take  advantage  of  another  ftmda- 
mental  factor,  which,  for  the  moment,  we  might  call  * 'capacity 
diversity,"  particularly  in  a  large  territory  where  there  is  a 
certain  source  of  steam  power  or  water  power  available. 

There  are  a  great  many  areas  in  this  country  where  the  water- 
power  supply  in  the  stunmer  is  very  low,  possibly  within  50  or  100 
miles  (80.4  km.  or  160.8  km.)  of  some  place  where  there  is  a  cer- 
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tain  source  of  steam  power  supply,  which  has  an  excess  of  supply 
in  the  summer  and  a  shortage  in  winter.  Those  two  soiu*ces 
shotdd  help  each  other.  The  state-wide  transmission  lines,  it 
might  be  conceived,  could  be  used  for  the  purpose  of  interchang- 
ing power  between  soiu*ces  as  well  as  delivering  power  to  the 
steam  railroads  along  their  route. 

That  will  mean  that  the  balancing  machines  would  probably 
have  to  be  put  at  the  points  where  the  steam  railroad  supply 
is  taken  off  and  taken  away  from  the  state-wide  transmission 
line. 

D.  B.  Rushmore:  The  necessity  for  single-phase  railway 
loads  is  an  open  question.  There  are,  however,  other  single- 
phase  loads  which,  under  present  conditions,  are  inevitable, 
and  amongst  the  most  important  of  these  is  the  electric  furnace. 
It  would  be  interesting  to  hear  from  Mr.  Eglin  and  from  Mr. 
Torchio,  what  on  their  respective  systems  they  would  consider 
the  maximum  capacity  of  single-phase  arc  furnaces  which  would 
be  permissible,  these  having  a  power  factor  of  between  75  and 
85  per  cent. 

The  two  systems  outlined  in  the  papers  are  different  in  respect 
to  the  overlapping  of  loads.  Where  single-phase  generators 
are  used  the  overlapping  of  loads  comes  only  on  the  boiler  equip- 
ment. On  the  other  system,  the  single-phase  electric  load  is 
transformed  into  a  three-phase  load  on  the  electric  circuits, 
and  the  possibility  of  obtaining  desirable  overlapping  is  very 
much  greater. 

It  will  also  be  interesting  to  know  what  is  the  minimtim 
load  for  which  single-phase  generators  would  seem  desirable. 

L.  E.  Imlay:  We  have  no  single-phase  problem  at  Niagara 
Falls.    We  have  no  single-phase  railways. 

It  is  true  that  we  operate  a  number  of  furnaces  on  single 
phase,  perhaps  2000-kw.  capacity  is  the  largest,  but  our  sub- 
stations and  our  switch  stations  are  so  arranged  that  these 
furnaces  can  be  changed  from  one  phase  to  another. 

Our  customers  are  so  glad  to  get  power  that  they  are  willing 
to  take  it  not  only  when  we  want  them  to,  but  they  are  glad 
to  put  it  on  any  phase  that  we  ask  them  to  put  it  on,  so  that, 
we  have  had  no  trouble  whatever  from  unbalanced  loads. 

H.  R.  Summerhayes:  While  2000  kw.,  as  mentioned  by  Mr. 
Imlay  may  not  be  a  large  single-phase  load  to  put  on  the  Niagara 
system,  it  would  be  a  very  large  load,  and  rather  disconcerting 
in  its  effect  on  a  small  system;  and  it  is  quite  possible  that  a 
balancer  of  the  t)rpe  used  in  Philadelphia  could  be  applied  with 
good  effect  where  a  single-phase  load  of  2000  kw.  was  to  be  taken 
from  a  comparatively  small  system. 

When  we  get  to  as  small  a  load  as  2000  kw.,  however,  the 
question  of  the  comparative  cost  of  the  balancer  and  of  the 
single-phase  motor  generator  becomes  interesting,  and  I  should 
say  that  at  that  point  there  would  be  considerable  question 
whether  the  balancer  would  generally  be  cheaper  than  the  motor. 
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The  balancer,  however,  would  probably  be  more  efficient, 
even  in  that  size. 

In  larger  sizes  I  believe  that  Mr.  Doherty  intends  to  present 
some  figures  indicating  that  the  balancer  is  both  cheaper  and 
more  efficient,  hence  its  adoption  by  the  Philadelphia  Electric 
Company  for  this  single-phase  railway  problem. 

The  balancer  will  have  an  application  also  in  this  way:  that 
furnace  loads  need  no  longer  be  limited  to  2000  kw. 

Larger  single-phase  furnaces  may  be  used  if  machines  of  the 
character  of  this  balancer  are  used  with  them. 

In  Mr.  Torchio's  paper,  this  explains  very  clearly  the  reasons 
why  single-phase  generation  was  adopted,  and  there  are  undoubt- 
edly advantages  in  having  these  single-phase  systems  entirely 
separate  from  the  general  three-phase  supply  of  the  New  York 
Edison  Company. 

It  is  possible,  however,  that  by  the  addition  of  a  balancer, 
the  two  systems  could  be  tied  together,  gaining  somewhat  in 
load  factor.     That  is,  the  diversity  factor  would  be  improved. 

N.  W.  Storer:  It  is  very  gratifying  to  note  that  the  problem 
of  applying  single-phase  power  which  has  been  presented  to 
the  central  station  companies  has  been  met  so  satisfactorily. 

We  have  two  instances  here,  one  in  New  York  and  one  in 
Philadelphia,  where  the  same  problem  has  been  met  in  two 
different  ways,  and  both  of  them  are  giving  entire  satisfaction 
to  the  power  users,  and  to  the  central  station  companies. 

The  question  that  is  going  to  be  the  most  interesting  to  the 
future  users  of  power  is,  what  is  it  going  to  cost  to  produce 
single-phase  power  in  large  blocks? 

Is  it  going  to  cost  more  than  three-phase  power,  and  if  so, 
how  much,  and  at  what  load  does  this  different  cost  begin? 

E.  H.  Martindale:  I  would  like  to  ask  what  power  factor  is 
obtained  on  single-phase  railway  load,  with  and  without  the 
balancing  set,  and  also  whether  the  use  of  damping  coils  has 
any  effect  on  the  power  factor? 

E.  F.  W.  Alezanderson:  If  I  understand  the  question  correctly, 
it  is  whether  the  use  of  a  balancer  improves  the  power  factor 
of  the  single-phase  load,  so  as  to  make  it  more  adaptable  to  the 
three-phase  power  system. 

If  desired,  the  balancer  can  be  made  to  act  as  a  synchronous 
condenser. 

That  question  was  considered  in  designing  the  balancer  for 
Philadelphia,  and  it  was  concluded  that  it  was  better  to  design 
these  machines  exclusively  as  balancers;  in  other  words,  having 
the  function  only  of  converting  power  from  single  phase  into 
polyphase,  but  not  to  correct  power  factor. 

The  power  factor  correction  is  being  accomplished  on  the 
single-phase  line  with  condensers  when  the  load  is  high  enough 
to  require  it. 

John  L.  Harper:  In  the  days  when  property  existed  in  water 
rights,  and  water  power  was  available  at  Niagara  Falls,  New 

Digitized  by  LjOOQ IC 


1916]  DISCUSSION  AT  PHILADELPHIA  1307 

York,  for  the  benefit  of  industrial  interests*  of  the  country,  we 
used  to  sell  power  for  $20.00  per  horse  power  per  year. 

Within  the  last  few  months  we  had  calls  for  amounts  of  power 
ranging  from  5000  to  25,000  horse  power,  which  we  could  not 
furnish.  Power  asked  for  in  some  previous  calls  has  now  been 
obtained  in  other  places,  because  we  could  not  furnish  it  in  a  single- 
phase  form. 

The  motor-generator*set  would  impose  relatively  high  losses 
upon  a  customer  in  making  the  change,  and  certainly  much 
greater  loss  than  would  have  been  obtained  if  the  power  were 
changed  by  this  new  system  of  phase  rearrangement.  I  under- 
stood the  previous  speaker  to  say  that  94  per  cent  efficiency  could 
be  obtained,  or  a  maximtun  loss  of  6  per  cent  would  be  the  great- 
est that  could  occur  in  an  apparatus  of  this  new  form  and,  if  such 
is  the  case,  it  would  mean  that  a  customer  purchasing  power 
from  us  would  now  only  be  under  a  handicap  of  $1.20  per  horse 
power  for  getting  his  energy  changed  from  three-phase  to  single- 
phase.  At  least  in  one  case  within  my  knowledge,  a  customer 
has  gone  elsewhere  for  power,  where,  it  is  reported,  he  could  get 
it  for  $21.60  per  horse  power. 

If  this  new  apparatus  really  shows  the  efficiency  that  has  been 
stated  here,  this  customer  cotdd  have  stayed  at  Niagara  Falls 
and  received  the  benefit  of  a  lower  price  than  he  could  get  if  he 
moved  elsewhere,  and  wotdd  not  have  had  to  duplicate  his  plant. 

The  large  amounts  of  electric  fiimace  power  that  are  now  being 
demanded,  especially  in  the  production  of  artificial  abrasives, 
make  this  problem  not  only  of  interest  from  an  engineering,  but 
also  from  a  financial  standpoint. 

H.  W.  Buck:  I  would  like  to  ask  whether  it  was  not  possible 
for  the  prospective  customer  to  balance  his  load  between  the 
three  phases.  Why  was  it  necessary  to  put  the  whole  load  on  a 
single  phase? 

John  L.  Harper:  The  power  which  was  demanded  from  us^ 
could  not  be  used  in  three  separate  loads;  thfe  customer  wanted 
only  power  enough  to  begin  with  to  take  up  one  or  two  of  the 
three  phases.  To  make  the  balance  delivery  from  oiu*  lines, 
in  this  case  where  the  customer's  furnaces  were  approximately 
2000  kw.,  it  would  have  required  the  customer  to  have  always 
increased  his  use  of  power  in  blocks  of  6000  kw.,  which  is  much 
greater  than  the  ordinary  industrial  development  wishes  to  take 
at  one  time,  preferring  rather  to  enlarge  in  smaller  increments. 

H.  W.  Buck:  It  seems  to  me,  in  this  connection,  that  with  the 
rapid  development  of  the  electric  furnace  and  furnace  loads  on 
central  stations,  power  companies  should  take  a  very  strong  stand 
in  insisting  upon  the  balancing  of  such  furnace  loads  between  the 
various  phases  of  the  power  system,  and  should  try  and  force  the 
electrochemical  customer,  as  far  as  possible,  to  adopt  this  method 
of  operation. 

If  the  power  companies  simply  swallow  any  single-phase  propo- 
sition, however  large,  which  may  be  thrown  on  one  phase  of  their 
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system  by  a  customer,  and  then  undertake  to  overcome  it  by 
installing  a  complication  of  balancers,  trouble  will  result  from  the 
additional  expense  and  additional  complications.  These  balancers 
should  be  avoided  wherever  possible. 

J.  E.  Kershner:  I  would  like  to  ask  for  a  little  information 
on  the  manner  of  balancing  fields  controlled  by  automatic  regu- 
lators. 

I  did  not  see  how  you  could  take  fields  of  different  phases  and 
balance  them — just  what  does  that  mean?  You  could  not  very 
well  do  that  on  an  ordinary  generator. 

C.  F.  Scott:  Something  has  been  said  of  rather  taking  it  for 
granted  that  the  balancer  is  needed. 

Looking  at  the  question  broadly,  is  the  balancer  needed? 

Is  it  a  universal  panacea,  or  does  it  apply  to  certain  specific 
cases? 

The  problems  that  have  been  presented  are  those  of  the  larger 
sort.  Most  of  the  gentlemen  who  have  spoken  have  been  con- 
nected with  three  of  the  largest  central  stations  in  the  country  or 
with  Niagara  Falls,  or  the  largest  single-phase  railways. 

What  may  apply  there,  and  some  of  the  recommendations  that 
Mr.  Eglin  has  made,  I  think  will  be  found  to  apply  to  the  larger 
consideration  of  power  and  its  distribution. 

Broadly  speaking,  and  to  take  a  different  position  from  the 
position  which  has  been  presented,  is  it  not  better  to  do  away 
with  balancers  and  auxiliaries  and  to  meet  the  single-phase  require- 
ment in  the  generator  itself? 

As  an  illustration  of  what  I  mean,  the  s3mchronous  condenser 
for  power-factor  correction  has  been  looked  upon  as  a  great  thing 
for  increasing  the  capacity  of  a  generator. 

If  for  example  a  certain  load  is  1000  kv-a.  at  60  per  cent 
power  factor,  we  have  two  alternatives,  (a)  a  1000-kv-a.  gener- 
ator to  operate  at  60  per  cent,  power  factor  or,  (b)  a  600-kw. 
generator  supplemented  by  a  800-kv-a.  synchronous  condenser. 
In  the  latter  case' the  aggregate  capacity  is  1400  kv-a.  If  there 
be  a  transmission  line,  its  cost  will  be  less  if  the  synchronous 
condenser  is  placed  at  the  load  end,  thus  compensating  for  the 
extra  cost  of  machinery. 

If  we  can,  by  increasing  the  size  of  the  generating  unit,  secure 
the  capacity  for  supplying  single-phase  power,  wiU  not  that  be 
simpler  than  the  addition  of  auxiliary  apparatus? 

We  will  be  adding  to  the  size  of  an  already  large  unit  where 
the  cost  for  the  additional  kilowatt  capacity  is  relatively  small. 

The  power  lost  in  a  single  power  generator  will  generally  be 
less  than  is  required  when  there  is  auxiliary  smaller  apparatus. 
The  attendance  is  less. 

These  remarks  may  not  apply  to  the  specially  large  cases  which 
have  been  mentioned,  but  they  certainly,  I  believe,  will  be  ap- 
plicable to  smaller  stations  and  smaller  power  units. 

Again,  two  distinct  cases  arise,  reconstruction  and  new 
construction.      If  a  generator    is    now    installed    its   capacity 
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may  be  increased  in  the  simplest  way  by  the  addition  of  a 
S)mchronous  condenser  or  by  a  phase  balancer;  but  if  the  con- 
struction is  not  new,  it  might  be  simpler  to  simply  add  to  the 
size  of  the  initial  machine. 

Take  the  cases  brought  out  at  Niagara  Falls;  The  present 
generators  are  inadequate  for  a  certain  single-phase  load.  Those 
generators  might  be  aided  by  auxiliary  apparatus,  but  for  new 
construction,  would  it  not  be  simpler  to  add  fifty  per  cent  or 
whatever  might  be  necessary  to  the  size  of  those  generators 
for  the  single-phase  capacity  required. 

Fluctuation  of  the  single-phase  load  is  a  factor  which  has 
not  been  brought  out.  The  loads  to  which  Mr.  Imlay.  referred, 
which  ran  along  so  quietly,  may  relate  to  a  certain  type  of 
furnace,  which  takes  a  substantially  constant  output  for  24 
hours. 

Mr.  Murray  does  not  supply  that  kind  of  load.  His  is  the 
other  kind,  up  and  down,  in  which  the  kind  of  regulation  and 
method  of  providing  the  generating  apparatus  might  be  quite 
different. 

Mr.  Eglin  suggests  that  each  customer  might  be  required  to 
provide  a  power-factor  regulator,  so  that  there  would  be  100 
per  cent  power  factor  to  each  individual  customer. 

There  again,  you  must  be  implying  customers  who  require  a 
very  large  amount  of  power  on  a  very  large  scale;  and  even 
then  it  seems  to  me  it  would  be  open  to  question,  without 
an  examination  of  the  particular  circuits,  whether  it  would  not 
be  better  in  the  central  station  to  provide  for  supplying  certain 
loads  at  the  lower  power  factor  than  it  would  be  to  add  synchron- 
ous apparatus  over  the  system  on  each  customer's  premises 
for  the  adjustment  of  power  factor. 

Unless  units  are  quite  large  it  would  certainly  be  better  to 
have  that  general  control  in  the  hands  of  the  central  station 
than  to  have  the  regulation  of  the  system  somewhat  under  the 
control  of  each  individual  customer. 

W.  C.  L.  Eglin:  Mr.  Summerhayes  says  that  there  is  a  possi- 
bility of  the  motor-generator  set  being  substituted  for  the 
balancer  set.  We  do  not  believe  that,  from  a  central  power 
company  standpoint. 

Mr.  Junkersfeld  stated  that  the  power  company  must  be  ready 
to  supply  customers  with  any  kind  of  requirement,  whether 
they  are  big,  or  whether  they  are  little.  If  we  could  have  all 
of  the  load  at  unity  power  factor  the  balancing  feattu*e  would  be 
very  small;  that  is,  oiu*  troubles  would  be  about  cut  in  two, 
or  probably  more. 

A  central  station  power  company  has  two  things  to  consider; 
first,  that  it  has  got  to  buy  its  apparatus  at  the  lowest  price; 
second,  it  has  got  to  get  the  most  economical  apparatus. 

Now,  Mr.  Torchio  just  hinted  at  the  possibility  of  designing 
generators  for  something  less  than  unity  power  factor.  If  you 
do  that,  somebody  will  want  a  factor  of  50,  60  or  70.    You  will 
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have  no  uniformity,  and  no  standard  at  all.  You  have  got  to 
begin  somewhere,  and  the  right  place  to  begin  it  seems  to  me 
is  at  100  per  cent  power  factor,  so  that  you  can  specify  your 
machines  to  be  operated  at  100  per  cent  power  factor,  and  you 
have  got  your  system  economized  for  load  all  the  way  up  and 
down.  Then,  if  you  can  load  your  machines  at  their  proper 
load,  you  can  generate  at  the  maximtmi  economy. 

Next  is  the  problem  which  affects  the  distribution  of  the  energy 
to  the  consumer.  Here  again  trouble  comes  in  from  the  power 
companies'  point  of  view.    What  is  the  character  of  that  power? 

If  there  are  very  rapid  fluctuations  in  load,  it  requires  certain 
methods  of  handling,  or  if  it  is  a  bulk  power,  such  as  five  or  six 
thousand  kilowatts,  it  may  be  divided  and  you  have  no  tmbal- 
anced  condition  to  treat  at  all. 

On  the  other  hand,  if  you  are  installing  balancer  capacity, 
you  put  in  balancer  capacity  only  for  the  average  unbalance  of 
your  system.  As  your  single-phase  loads  grow  the  balancer 
capacity  is  not  increased,  that  stays  the  same;  so  that  you 
do  not  have  to  add  either  expensive  alterations  to  your  gener- 
ators by  making  them  larger,  and  adding  dampers  to  them. 
You  have  your  generators  as  efficient  as  they  can  be  made.  You 
only  correct  for  the  average  condition.  The  more  consumers 
you  get -the  better  off  you  are. 

I  would  not  worry  the  least  bit  about  any  furnace  that  I  have 
heard  mentioned  today,  because  we  are  taking  care  of  20,000- 
kw.  single-phase  swings  without  any  trouble  at  all,  so  that  even 
with  a  very  small  power  factor  I  would  certainly  not  advise — 
I  would  not  recommend  the  introduction  of  a  motor-generator 
set,  because  the  next  customer  who  comes  along  has  got  to  have 
another  generator  set;  you  cannot  balance  them  very  well, 
and  you  are  adding  to  your  investment  cost.  As  I  said  before, 
what  we  are  really  aiming  at  is  to  keep  our  investment  cost 
as  low  as  possible. 

Another  question  was  asked  with  reference  to  the  balancing 
of  the  fields. 

I  said  the  function  of  the  booster  was  to  balance  the  voltage. 

There  are  two  functions  of  the  machine.  One  is  to  balance 
power,  and  the  other  is  to  balance  voltage;  and  the  ptupose  of 
the  two  fields  is  to  compensate  all  of  the  three  phases  for  any 
unbalanced  condition  of  any  of  them. 

Philip  Torchio:  I  think  the  only  direct  question  was  raised 
by  Mr.  Summerhayes  regarding  the  reason  why  we  did  not 
supply  the  railway  load  from  our  system  bus. 

We  did  not  do  it  because  we  had  to  divide,  in  due  proportion, 
the  loads  between  our  plant  and  the  other  station  of  the  railroad 
company.  If  we  had  run  our  200,000-kw.  bus  in  parallel  with 
the  railroad,  we  would  have  taken  all  the  heavy  swings  and  intro- 
duced complications  in  the  operation  of  the  customer's  station, 
which,  after  investigation  of  existing  experience,  we  considered 
undesirable. 
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Mr.  Summerhayes  also  asked  the  question  of  how  a  small 
company,  having  1000  or  1500-kw.  load,  should  take  care  of  a 
prospective  customer  having  a  2000-kw.  single-phase  load. 

Such  a  company  with  a  small  installation  of  2000  or  3000  kw. 
cannot  handle  2000-kw.  additional  load  without  additional 
generating  units;  and  here  is  the  place  to  install  generators 
with  single-phase  characteristics.  The  balancer  or  the  motor- 
generator  set  is  all  right,  if  we  can  do  the  service  with  the  exist- 
ing equipment,  but  if  we  must  install  new  generating  apparatus, 
don't  let  us  put  ourselves  in  the  same  position  that  we  are  in  now, 
that  when  a  new  customer  comes  along  that  wants  1000  or 
2000-kw.  single-phase  we  must  again  go  to  the  manufacturers 
and  put  their  engineers  to  their  wits'  ends  to  find  out  what  they 
can  do  to  rectify  this  load  for  us.  Put  capacity  enough  in  the 
generators  to  take  care  of  a  liberal  unbalanced  load  regardless 
of  whether  you  will  also  use  a  balancer  or  not. 

I  do  not  think  either,  that  Mr.  Eglin  is  right  when  he  says 
that  generators  should  be  designed  for  100-per  cent  power  factor. 
A  commercial  load  generator  shotdd  be  designed  for  power 
factors  lower  than  unity,  at  least  eighty  or  eighty-five.  We  put, 
in  201st  Street,  the  largest  generator  we  could  put  on  a  15,000- 
kw.  turbine.  The  manufacturers  said  originally  that  they  could 
make  it  16,  then  refigured  and  went  up  to  19.  We  wanted  20, 
but  19  was  the  limit  that  the  tensile  strength  of  the  material 
would  allow,  and  we  got  a  19,000-kw.  generator  for  a  15,000-kw. 
turbine,  which  runs  at  the  most  economical  efficiency  at  13,000 
or  14,0()0  kw. ;  we  lose  some  in  slightly  lower  efficiency  in  having 
a  larger  generator,  but  we  have  the  use  of  the  fuU  capacity  of 
the  unit  at  all  practical  conditions  of  power  factor  and  unbalanced 
loads,  which  is  more  important. 

In  answering  Mr.  Rushmore's  question — **What  is  the  largest 
single-phase  load  we  carry?" — The  United  Company's  load  is 
mainly  single  phase.  I  think  the  largest  load  of  one  district 
is  at  least  7000  or  8000  kw.  We  have  three  such  single-phase 
loads,  and  we  have  operated  them  for  years,  at  least  ten  years. 
Why  should  we  have  special  apparatus  in  our  stations  to  take 
care  of  some  unbalanced  loads,  which  will  add  to  the  cost  of  the 
equipment  and  station  operation? 

Regarding  the  handling  of  single-phase  customers,  this  was 
pointed  out  by  Mr.  Buck.  If  a  customer  comes  along  and 
says  he  wants  a  ftimace  load  of  6000  kw.  and  we  know  that  he 
has  three  or  four  or  five  furnaces,  we  tell  him  that  we  will  not 
furnish  the  service  unless  he  distributes  those  three  or  foiu*  or 
five  loads  on  different  phases.  That  is  done  in  different  plants 
with  large  welding  loads  and  ftimace  work — ^there  is  no  difficulty 
about  it;  it  is  a  logical,  sensible  way  of  solving  the  problem. 

N.  W.  Storer:  I  have  waited  in  vain  for  a  reply  to  the  question 
which  I  asked  as  to  what  this  single-phase  power  costs? 

If  a  power  company  can  produce  it — ^and  it  has  been  proven 
conclusively  that  they  can  supply  the  single-phase  load — how 
much  more  is  it  going  to  cost?  ^  i 
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Why  should  not  they  furnish  single-phase  power  if  the  customer 
is  to  pay  for  it? 

Farley  Osgood:  I  would  hke  to  ask  Mr.  Eglin  to  tell  us  why 
he  prefers  purchasing  machines  at  100-per  cent  power  factor, 
as  against  what  you  can  conceive  to  be  the  probable  average 
power  factor  per  cent  of  his  system  as  a  whole,  which  is  the 
practise  at  present  with  some  companies? 

C.  F.  Harding  (communicated  after  adjournment) :  For  many 
years  we  have  been  familiar  with  the  advantages  of  a  large 
diversity  of  load  and  a  high  load  factor  upon  a  power  station 
furnishing  either  railway  or  lighting  and  power  service.  The 
very  effective  results  obtained  during  the  last  few  years  by  the 
Commonwealth  Edison  Company  in  Chicago  by  the  consolida- 
tion of  these  three  types  of  loads  upon  a  single  generating  system, 
have  made  us  realize  that  this  same  principle  of  great  diversity 
of  load  and  high  load  factor  may  well  be  extended  beyond  the 
individual  loads  to  entire  railway  and  lighting  systems. 

As  an  example  I  wish  to  emphasize  the  figures  recently  pre- 
sented by  an  official  of  this  corporation  which  indicate  that  the 
addition  of  a  double  peaked  railway  load,  with  an  hourly  max- 
imum demand  of  204,000  kw.,  to  a  light  and  power  load  with  a 
single  peak  of  156,000  kw.,  raised  the  daily  load  factor  from 
52.5  per  cent  to  59.3  per  cent.  This  also  resulted  in  a  saving 
in  reserve  capacity  of  21,000  kw.  of  equipment  over  that  which 
would  have  been  required  with  the  loads  furnished  from  separate 
systems.  If  the  estimated  load  which  will  be  required  by  the 
electrification  of  the  steam  railroads  entering  Chicago  be  added  as 
well,  the  load  factor  for  a  typical  October  day  would  reach 
62  per  cent. 

Is  it  not  possible  and  desirable  therefore,  to  carry  this  line  of 
reasoning  a  step  further  and  secure  as  much  single-phase  load 
and  as  great  a  diversity  of  such  loads  as  possible,  provided  the 
consumers  demand  cannot  be  met  with  a  polyphase  service? 
With  the  increase  in  single-phase  traction,  ftimace  loads  and 
other  single-phase  power  demands,  not  only  will  the  difficulties 
in  balancing  a  three-phase  system  with  a  variety  of  single- 
phase  loads  be  lessened,  but  the  load  factor  of  the  system  will 
be  simultaneously  increased  as  well.  It  should  be  kept  in  mind 
that  practically  all  single-phase  loads  which  may  be  secured  for 
a  single  system  are  of  long  hour  duration  and  that  the  addition 
of  any  such  loads  which  make  more  of  the  reserve  equipment 
available  for  greater  periods  of  time,  simply  results  in  eliminating 
fixed  charges  upon  superfluous  equipment  which  would  other- 
wise have  to  be  borne  by  the  constmier. 

Such  a  saving  with  separate  single-phase  generators  in  the 
station  would  affect  the  steam  equipment  only.  With  the  use 
of  some  system  which  permits  single-phase  load  to  be  furnished 
satisfactorily  from  polyphase  generators,  the  saving  in  fixed 
charges  is  made  applicable  to  the  electrical  apparatus  in  the 
power  station  as  well.     Ultimately,  if  the  single-phase  load  is 
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siifficiently  large  and  diversified,  it  may  be  balanced  upon  the 
three-phase  busses  of  the  substation,  in  which  case  the  substa- 
tion equipment  and  the  transmission  lines  profit  by  the  higher 
load  factor.  Thus  it  seems  that  the  policy  of  balancing  as  many 
varied  single-phase  loads  or  portions  of  such  loads  as  possible 
upon  a  single  polyphase  system,  is  of  importance  from  the  stand- 
point of  saving  in  fixed  charges  as  well,  and  that  with  many  large 
systems  the  converter  and  balancer  will  be  considered  as  more 
or  less  temporary  expedients  to  balance  the  loads  during  the 
period  of  acquisition  of  a  sufficient  amount  and  variety  of 
single-phase  loads  to  permit  a  permanent  balance  of  the  phases 
by  proper  distribution  of  such  loads  upon  the  various  busses 
of  a  three-phase  system. 
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Abstract  of  Paper 


The  general  tendency  of  the  electric  power  supply  industry 
is  toward  the  centralization  of  power  stations,  embracing  a 
variety  of  loads.  In  order  to  be  consistent  with  this  develop- 
ment :t  is  highly  desirable  that  power  stations  be  standardized 
in  essential  features,  so  that  they  may  combine  their  resources 
toward  the  ideal  arrangement.  The  production  of  single-phase 
power  should  not  interfere  with  this  general  scheme.  Looked 
at  from  this  standpoint,  single-phase  power  can  best  be  pro- 
duced from  polyphase  systems.  Means  are  suggested  for  pro- 
ducing single-phase  power  without  interfering  with  the  broad 
usefulness  of  the  power  station.  The  mode  of  operation  and 
theory  of  phase  converters  is  discussed  with  particular  reference 
to  its  adaptability  for  permitting  single-phase  power  to  be 
derived  from  polyphase  circuits. 


IN  VIEW  of  the  universal  use  by  power  companies  of  poly- 
phase generation  and  transmission  of  electric  power  for 
general  purposes,  the  production  and  delivery  of  single-phase 
power  must  be  considered  as  a  special  problem. 

No  power  company  would  or  could  afford  to  install  a  single- 
phase  plant  unless  its  sole  purpose  was  to  furnish  power  to  a 
load  that  requires'single-phase  power.  In  other  words,  it  is  settled 
that  polyphase  generation  and  transmission  is  most  efficient, 
flexible  and  economical,  and  the  problem  presented  to  power 
companies  when  the  demand  for  single-phase  power  appears  is 
how  this  may  best  be  produced  or  derived  from  their  polyphase 
systems. 

Indeed  it  may  be  well  to  extend  the  problem  to  cover  those 
cases  where  such  large  amounts  of  single-phase  power  are  re- 
quired as  to  apparently  justify  a  special  power  house  and  to 
inquire  whether  it  might  not  be  preferable  in  such  a  case  to 
generate  and  transmit  by  polyphase  and  derive  the  single- 
phase  when  and  where  needed. 

Probably  the  strongest  argtmient  for  such  a  view  is  the  practical 
wisdom  in  standardizing  the  electric  systems  of  the  country 
so  that  they  may  be  tied  together  as  occasion  and  opportunity 
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permit  with  a  minimum  of  elaborate  and  power-consiiming 
transforming  apparatus.  This  idea  of  consolidation  and  cooper- 
ation has  recently  been  given  serious  attention  by  many  of  our 
ablest  men  who  appreciate  the  great  value  of  diversified  loads 
and  the  greater  economic  efficiency  to  be  obtained  by  covering 
the  greatest  field  possible  from  a  common  source  of  electric 
power  supply.  It  is  prudent  therefore  to  condition  any  con- 
clusion that  involves  pov^er  production  with  the  essential  re- 
quirement that  it  bs  consistent  with  this  general  tendency. 

The  rapid  growth  of  electric  power  systems  makes  this  a 
most  practical  consideration.  There  are  enough  differences 
between  electric  transmission  systems  as  they  now  exist  without 
introducing  still  further  complications. 

Differences  in  voltages  can  not  be  avoided  but  to  equalize 
this  does  not  entail  great  loss  of  efficiency  or  undesirable  features. 

Differences  in  frequency  are  more  serious  and  the  process  of 
decision  upon  the  most  desirable  frequency  for  general  use  has 
resulted  in  adopting  a  variety  of  frequencies  in  different  localities. 
As  we  now  look  upon  60  cycles  as  standard,  the  use  of  50,  40, 
30,  25  and  possibly  other  frequencies  can  not  but  be  regarded 
as  unfortunate  since  practical  considerations  will  sooner  or  later 
force  the  systems  having  odd  frequencies  to  seek  means  to  free 
themselves  from  the  handicap  they  entail.  There  are  many 
excellent  Systems  and  stations  using  25-cycle  power  and  the 
reasons  for  adopting  25  cycles  were  good  and  sufficient  when 
they  were  established.  Without,  therefore,  criticising  the  engi 
neering  of  these  plants,  it  may  be  stated  that  they  could  be  dupli- 
cated today  with  60-cycle  apparatus  for  less  than  the  original 
cost  and  with  a  distinct  gain  in  general  economic  usefulness  and 
value. 

It  seems  a  logical  and  highly  practical  conclusion  that  general 
policy  should  be  opposed  to  the  establishment  to  any  considerable 
extent  of  power  systems  having  peculiar  or  special  features 
making  them  inadaptable  to  efficient  connection  with  other 
systems  in  the  vicinity. 

Single-phase  power  may  be  obtained  by: 

1.  Separate  generating  and  distribution  systems  designed  for 
single-phase  load. 

2.  Polyphase  generation  and  distribution  of  single  phase  load 
between  the  phases  so  that  in  effect  the  load  becomes  a  poly- 
phase load. 

3.  Generation  and  transmission  as  polyphase  with  motor- 
generator  sets  at  substations.  ^  Digitized  byGoOglc 
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4.  Mixed  single-phase  and  polyphase  load  furnished  by  the 
same  distribution  system  in  combination  with  methods  for 
correcting  the  unbalancing  effect  of  the  single-phase  load. 

The  first  method  comes  under  the  head  of  special  and  ab- 
normal development  already  discussed.  It  has,  besides  the  dis- 
advantages mentioned,  the  furthdl"  disadvantage,  as  regards 
the  generator,  of  increased  size,  weight  and  cost  and  lower 
efficiency  as  compared  with  polyphase  generators.  Single-  phase 
generators  have  been  built  only  for  25  cycles  or  lower  and  to 
a  limited  extent  for  special  purposes.  As  compared  with  other 
ways  of  obtaining  single-phase  powder  this  method  seems  to  offer 
the  least  promise  of  general  usefulness. 

The  second  method  has  the  advantage  of  the  polyphase 
alternator.  It  is  generally  used  for  incandescent  lighting  dis- 
tribution and  for  power  and  heating  where  the  unit  of  energy 
capacity  is  small  and  adapted  to  division  between  the  phases  so 
as  to  result  in  very  little,  if  any,  unbalancing.  It  has  been 
proposed  and  used  to  a  limited  extent  for  heavy  single-phase 
loads,  but  the  difficulty  of  preserving  even  an  approximate 
balance  between  phases  makes  this  method  insufficient  for  large 
power  requirements.  It  has  the  further  disadvantage  of  requir- 
ing generators  of  the  same  frequency  as  the  load  demands. 

Method  No.  3  has  the  advantage  of  entire  freedom  as  to  gen- 
erator and  transmission  and  permits  a  single-phase  load  of  any 
frequency  or  power  factor  to  be  drawn  from  any  standard  poly- 
phase system  without  disturbing  the  balance  or  regulation. 
It  provides  means,  moreover,  of  improving  the  power  factor  of 
the  system  by  synchronous  motors  and  from  the  power  system 
standpoint  is  the  most  desirable  of  all  methods  when  large 
unit  amounts  of  single-phase  power  are  demanded.  It  is  the  only 
method  of  producing  low -frequency  single-phase  power  from 
a  60-cycle  system.  The  only  objection  that  is  made  to  this 
method  is  the  cost  of  motor-generator  sets  and  the  cost  of 
attendance. 

The  first  cost  of  equipment,  it  is  true,  is  greater  than  static 
transformers  alone,  but  this  is  balanced  to  some  degree  by 
lower  costs  at  the  power  station  and  in  the  transmission  line, 
and  is  fully  justified  in  a  large  power  system  since  it  makes  it 
possible  to  combine  the  single-phase  load  with  the  general  load 
and  obtain  the  benefit  of  a  higher  load  factor. 

The  cost  of  attendance  is  frequently  made  negligible  by  so 
locating  the  substations  that  the  attendants   may  have  Qj:her 
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duties.  The  expense  of  attendance  in  any  case  is  a  small  per- 
centage of  operating  costs  and  can  be  entirely  eliminated  by 
introducing  automatic  devices  to  start  and  switch  the  motor 
and  generator,  such  as  are  coming  into  successful  use  for  direct- 
current  synchronous  converters,  waterwheel  generators  and  other 
rotating  apparatus.  * 

This  disadvantage,  moreover,  largely  disappears  when,  as 
usually  happens,  a  system  of  single-phase  generation  is  connected 
to  other  systems  through  motor-generator  sets  for  interchange 
of  power. 

No.  4  is  in  general  respects  the  same  as  No.  2  with  the  addition 
of  a  relatively  new  development  known  as  the  * 'phase  converter" 
which  preserves  the  balance  of  the  system  even  when  large 
blocks  of  single-phase  power  are  taken  from  the  system.  Its 
use  greatly  extends  the  possibility  of  connecting  single-phase 
loads  directly  to  a  polyphase  system  provided  the  frequency 
does  not  have  to  be  changed. 

The  use  of  phase  converters  is  relatively  recent  and  perhaps 
not  very  well  understood.  This  makes  it  of  interest  to  discuss 
the  method  of  balancing  and  the  apparatus  employed  more  in 
detail. 

Theory  of  Phase  Conversion 

The  earliest  known  form  of  phase  conversion  is  splitting  the 
phase  by  inductance  and  capacity.  In  this  case  the  energy  of 
one  phase  is  stored  for  a  fraction  of  a  cycle  and  released  again 
so  as  to  make  the  same  energy  active  in  another  phase.  All 
methods  of  phase  conversion,  therefor,  involve  the  storage 
of  energy.  Even  the  phase  conversion  of  wattless  cur- 
rents necessarily  involves  storage  of  energy.  The  expression 
''wattless  energy''  is  not  such  a  contradiction  as  it  has  some- 
times been  claimed  to  be.  When  energy  is  wattless  it  means 
that  the  energy  delivered  during  one  portion  of  a  half  cycle  is 
returned  during  the  other  portion  of  the  same  half  cycle ;  there- 
fore the  average  energy  flow  is  zero.  But  at  the  same  time,  we 
must  not  forget  that  even  if  a  current  is  completely  wattless, 
there  is  a  real  energy  flow  in  both  directions.  Thus  if  we  wish 
to  change  the  phase  of  the  current,  whether  energy  current  or 
wattless  current,  we  must  provide  means  for  storing  the  momen- 
tary energy  flow  for  a  time  corresponding  to  the  change  of  phase 
that  is  to  be  effected. 

The  method  of  storing  energy  in  inductances  and  condensers 
is  very  convenient  for  high-frequency  currents  but  has  not  up 
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*to  the  present  found  much  practical  application  for  low-fre- 
quency power  current.  There  is,  therefore,  for  phase  conversion 
on  a  large  scale,  only  one  type  of  apparatus  that  can  be  considered, 
a  rotating  machine  which  stores  the  energy  in  the  mechanical 
inertia  of  the  rotor. 

In  order  to  arrive  at  an  understanding  of  the  physical  functions 
of  phase  conversion  with  a  rotating  machine,  several  different 
points  of  view  are  possible,  as  sometimes  one  and  sometimes 
another  is  more  helpful  in  arriving  at  direct  conclusions.  The 
following  three  methods  of  looking  at  the  problem  may  be  help- 
ful: 

I — Phase  Converter  Considered  as  a  Motor-Generator 
The  phase  converter  is  built  as  a  quarter-phase  induction 
motor  or  synchronous  motor  with  a  squirrel  cage;  one  phase 
is  a  motor  phase  and  the  other  phase  is  a  generator  phase. 
The  input  of  the  motor  phase  is  equal  to  the  output  from  the  gen- 
erator phase,  not  only  in  the  average  value  of  the  power  flow  but  in 
the  instantaneous  value  of  energy  flow  which  is  delivered  and 
returned  during  the  same  half  cycle.  The  only  difference  between 
the  energy  flow  in  the  two  phase  windings  of  the  converter  is 
that  the  momentary  values  of  current,  volts  and  energy  is 
delayed  J  cycle  in  one  winding  in  relation  to  the  other.  The 
squirrel  cage  is  the  medium  for  the  transfer  of  energy,  and  the 
mechanical  mass  of  the  rotor  provides  the  energy  storage.  In 
order  to  make  it  possible  to  store  the  energy  in  the  rotor,  there 
must  be  corresponding  changes  of  speed  and  therefore  the  rotor 
must  go  through  a  cycle  of  speed  change  during  each  half  cycle 
of  the  alternating  current  flow.  This  speed  change  of  the  rotor 
is  evidenced  by  the  vibration  which  is  a  characteristic  of  any 
single-phase  machine.  The  speed  chanj;e  of  the  rotor  has,  however, 
nothing  to  do  with  the  electrical  functions  of  the  machine  in 
performing  as  a  phase  converter.  If  we  could  couple  the  rotor 
to  a  flywheel  of  infinite  weight  so  that  the  speed  change  would 
be  zero,  the  converter  would  perform  in  the  same  way. 

Having  thus  explained  how  it  is  conceivable  that  the  phase 
converter  operates  as  a  motor  generator,  it  remains  to  explain 
what  means  are  provided  for  making  it  perform  in  this  way;  in 
other  words,  what  causes  the  energy  flow  in  the  two  phases  to 
vary  the  same  cycle  of  momentary  values  although  delayed  J 
cycle  in  time.  Various  means  can  be  provided  for  producing 
the  desired  energy  flow  and  will  lead  to  different  types  of  phase 
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converters.  Broadly,  it  can  be  stated  that  whatever  means  are 
provided,  the  result  of  these  means  must  be  the  desired  flow  of 
currents  through  the  windings,  and  therefore  the  means  must 
consist  in  providing  the  necessary  electromotive  forces  to  cause 
these  currents  to  flow  through  the  windings. 

One  method  of  providing  these  electromotive  forces  is  to  use 
an  auxiliary  generator  which  impresses  the  desired  electromotive 
force  on  the  windings.  Instead  of  a  generator  any  other  conven- 
ient source  of  electromotive  force  may  be  used,  such  as  a  trans- 
former or  an  induction  regulator.  Another  method  is  to  connect 
the  windings  of  the  converter  with  reference  to  the  source  of 
power  and  the  load,  in  such  a  way  that  the  electromotive  forces 
are  furnished  automatically  by  the  source  of  power. 

The  first  method  leads  to  the  phase  converter  connected  in 
shunt  to  the  line  and  is  the  type  that  has  been  adopted  in 
the  phase  balancer  sets  of  the  Philadelphia  Electric  Com- 
pany; for  the  sake  of  brevity  this  type  may  be  referred  to 
as  the  shunt  converter.  The  function  of  the  shunt  converter 
is  to  transfer  energy  from  one  phase  to  another  in  a  polyphase 
system  so  as  to  neutralize  the  effect  of  single-phase  load  drawn 
from  the  same  system  in  another  place.  The  second  method 
of  producing  the  desired  flow  of  current  in  the  system  leads  to 
the  series  converter.  In  this  type  of  converter  the  single-phase 
circuit  is  in  series  with  one  phase  of  the  converter.  The  series 
converter,  as  applied  for  changing  from  single-phase  power  to 
polyphase  power  is  described  in  a  paper  by  one  of  the  authors 
in  1911.  This  same  arrangement  is  well  adapted  for  change  of 
polyphase  to  single-phase  power  and  this  method  is  in  some  cases 
preferable  to  the  shunt  converter.  The  function  of  the  series 
converter  is  not  to  correct  for  a  single-phase  load  that  has  been 
placed  on  a  polyphase  line  but  to  change  the  single-phase  load 
into  a  polyphase  load  before  it  is  connected  to  the  line. 

II — The   Phase    Converter   Considered   as   a   Polyphase 

Generator 
This  second  point  of  view  is  more  artificial  than  the  first 
but  is  more  helpful  in  analyzing  the  function  of  the  phase  con- 
verter. For  the  purpose  of  such  analyzing,  a  well-known  mathe- 
matical artifice  is  made  use  of.  A  single-phase  current  can  be 
considered  as  resolved  into  two  polyphase  components  with 
opposite  phase  rotation.  One  of  these  polyphase  components 
has  the  same  phase  rotation  as  a  power  system  and  constitutes 
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a  legitimate  load  on  the  power  system.  The  other  component, 
which  has  the  opposite  phase  rotation,  is  the  one  that  causes 
the  unbalancing  of  voltage,  heating  of  generators  and  motors 
connected  to  the  system,  etc.  The  function  of  the  phase  conver- 
ter is  to  neutralize  this  component  of  the  single-phase  load 
which  has  opposite  phase  rotation.  From  these  considerations, 
it  becomes  evident  how  the  phase  balancing  can  be  accomplished. 
This  function  consists  in  providing  a  machine  which  feeds 
into  the  system  a  polyphase  current  which  has  opposite  phase 
rotation  to  the  system,  and  is  equal  and  opposite  to  the  compo- 
nent of  the  single-phase  load  we  wish  to  neturalize.  It  is  now 
evident  how  the  phase  balancer  ought  to  be  constructed.  The 
converter  should  be  a  polyphase  machine,  not  necessarily 
synchronous,  but  preferably  so  in  order  not  to  draw  lagging 
current  from  the  system,  and  means  are  to  be  provided  for  forc- 
ing a  current  to  flow  through  the  windings  of  the  phase  machine 
which  has  opposite  phase  rotation  to  the  system.  The  currents 
of  opposite  phase  rotation  are  to  be  regulated  in  magnitude  and 
phase  corresponding  to  the  single-phase  load.  One  convenient 
way  of  producing  such  adjustable  polyphase  currents  is  to  pro- 
vide a  polyphase  generator  with  its  field  controlled  by  suitable 
regulators.  These  considerations  lead  to  the  design  of  the  shimt 
converter  with  direct  connected  balancer  and  regulators  such 
as  used  by  the  Philadelphia  Electric  Company.  The  con- 
struction of  these  phase  balancers  is  illustrated  in  Fig.  1. 
The  sets  consist  of  a  main  converter  and  an*auxiliary  balancing 
machine  v/hich  is  controlled  by  automatic  regulators.  The  main 
converter  is  mechanically  connected  to  a  generator  which  is 
called  a  balancer.  The  function  of  this  balancer  is  to  circulate 
polyphase  currents  of  the  desired  phase  and  magnitude  in  the 
windings  of  the  converter.  This  auxiliary  generator  is  small 
compared  to  the  converter  because  its  output  is  used  only  to 
overcome  the  losses  and  inductive  drop  in  the  windings  of  the 
main  converter. 

Ill — The  Phase  Converter  Considered  as  a  Transformer 
This  point  of  view  is  also  more  artificial  than  the  first  one 
but  it  is  helpful  in  understanding  and  analyzing  the  functions 
of  the  series  converter.  The  two  stator  windings  of  the  phase 
converter  are  considered  as  the  primary  and  secondary  of  a 
transformer.  The  squirrel-cage  rotor  is  a  medium  for  trans- 
ferring the  current  from  the  primary  to  the  secondanj  and 
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the  characteristics  of  the  phase  converter  as  a  transformer 
differs  from  the  ordinary  transformer  only  by  the  fact  that 
the  time  phase  of  the  secondary  is  J  cycle  from  the  time  phase 
of  the  primary.  This  displacement  of  time  phase  is  due  to  the 
time  required  for  the  squirrel  cage  to  rotate  through  the  angle 
corresponding  to  the  location  of  the  primary  and  secondary 
windings  of  the  stator.  The  function  of  the  series  converter 
is  easiest  explained  in  connection  with  a  quarter-phase  system, 
but  it  is  obvious  that  it  can  be  used  in  a  three-phase  system  by 
the  use  of  a  Scott  transformer  connection.  The  object  in  the 
use  of  the  converter  is  to  distribute  the  single-phase  load  equally 
in  the  two  phases  of  the  quarter-phase  system.  If  the  problem 
were  to  distribute  the  single-phase  load  in  two  circuits  of  a  single- 
phase  system,  it  is  easy  to  see  how  this  could  be  done  by  the  use 
of  a  series  transformer.  The  single-phase  load  might  be  put 
directly  in  series  with  one  circuit  through  the  intermediate  of 
a  series  transformer.  If  this  transformer  has  a  ratio  of  1:1,  the 
current  would  be  equally  distributed  on  the  two  circuits  at 
all  loads.  The  two  phases  of  the  quarter-phase  system  differ 
from  the  two  circuits  of  the  single -phase  system  for  our  pres- 
ent purpose  only  by  the  relative  time  phase.  However,  if  the 
phase  converter  may  be  used  as  a  transformer  which  changes  the 
time  phase  of  the  current  between  its  primary  and  its  secondary 
to  the  desired  degree,  it  can  be  used  as  a  series  transformer 
between  the  single-phase  load  circuit  and  one  of  the  phases 
of  the  quarter-phase  system  in  the  same  way  and  with  the  same 
characteristics  as  stated  above  with  reference  to  the  ordinary 
series  transformer  used  to  distribute  the  load  on  two  circuits 
of  the  single-phase  system.  Carrying  the  analogy  between 
the  phase  converter  and  the  transformer  still  further,  we  can 
trace  the  source  of  the  electromotive  force  required  to  force 
equal  and  opposite  currents  to  flow  in  the  primary  and  secondary 
windings.  This  electromotive  force  is  derived  directly  from 
the  primary  circuit.  To  cause  a  current  to  flow  through  a 
winding  requires  a  voltage  and  this  voltage  is  evidenced  by  the 
impedance  drop  in  the  winding.  From  the  theory  of  transforma- 
tion, we  have  become  in  the  habit  of  regarding  the  impedance 
of  the  primary  and  secondary  windings  of  a  transformer  as  a 
single  impedance,  which  for  the  sake  of  convenience  can  be 
said  to  be  located  in  either  the  secondary  or  primary  windings. 
In  either  case  we  assume  that  a  certain  amount  of  the  primary 
voltage  is  used  up  to  overcome  the  impedance  drop  of  the  trans- 
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former  windings.  This  impedance  drop  is  evidenced  by  the  volt- 
age drop  on  the  terminals  of  the  secondary  winding.  The  same 
considerations  apply  to  the  use  of  the  converter  as  a  series 
transformer.  The  ratio  of  current  transformation  is  for  all 
practical  purposes  constant  at  all  loads  at  which  the  transformer 
can  be  used.  The  voltage  drop  on  the  secondary  side  is  the  sum 
of  the  impedance  drop  in  the  primary  and  secondary  winding. 
In  the  case  of  the  phase  converter,  the  impedance  drop  includes 
the  drop  in  the  squirrel  cage  which  is  the  transfer  medium. 
However,  we  are  also  in  the  habit  of  measuring  the  impedance 
of  the  induction  motor  windings  on  the  primary  side  and  look 
upon  the  impedance  in  the  stator  and  the  rotor  as  concentrated 
in  the  stator  winding.  We  therefore  find  that  the  impedance 
of  a  converter  when  considered  as  a  transformer  is  the  same  as 
the  stationary  impedance  of  the  same  machine  measured  as 
an  induction  motor  at  standstill.  From  this  analogue,  we  have 
a  right  to  expect  the  following  characteristics  of  the  series  con- 
verter and  these  conclusions  are  in  entire  agreement  with  prac- 
tical measurements.  The  change  of  a  single-phase  load  into 
polyphase  load  is  automatic  and  results  in  a  perfect  distribution 
of  current  in  the  two  phases  at  all  loads.  The  voltage  delivered 
to  the  single-phase  circuit  has  a  slight  drop  with  increasing 
load  and  has  the  same  characteristics  with  reference  to  cur- 
rent and  power  factor  that  would  be  obtained  by  placing  an 
impedance  in  series  with  the  single-phase  circuit  equal  to  the 
impedance  of  the  windings  of  the  converter. 

Applications  of  Phase  Converter 
In  regard  to  efficiency  and  size,  the  phase  converter  can  be 
considered  as  being  in  the  same  class  as  the  synchronous  con- 
denser. In  fact  it  has  substantially  the  same  structure,  the 
difference  being  that  the  squirrel  cage  which  is  usually  employed 
in  the  synchronous  condensers  to  counteract  hunting  becomes 
in  the  phase  converter  the  main  rotor  winding,  while  the  field 
winding  of  the  synchronous  condenser  is  reduced  to  a  small 
winding  sufficient  to  carry  no-load  excitation.  Due  to  the 
similarity  in  structure  the  same  machine  can  act  as  a  synchronous 
condenser  and  phase  converter  at  the  same  time  if  the  windings 
are  proportioned  for  this  purpose.  The  fact  that  the  machines 
can  be  designed  so  that  they  are  useful  as  synchronous  condensers 
and  phase  converters  simultaneously  is  worth  consideration  in 
the  application  of  the  methods  of  phase  conversion,  as^veral 
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methods  of  application  are  possible.  In  the  first  place,  it  is  pos- 
sible to  place  the  phase  converters  either  in  the  power  house  or 
at  any  desired  place  of  the  distribution  system.  Synchronous 
condensers  may  be  needed  on  distribution  sjrstems  for  the  sake 
of  counteracting  low  power  factor,  and  such  synchronous  con- 
densers can,  if  desired,  be  designed  so  that  they  can  in  addition 
be  used  as  phase  balancers,  in  order  to  make  it  possible  to  draw 
single-phase  load  from  the  same  system.  If  j  on  the  other  hand, 
the  main  load  is  synchronous  converters  with  unity  or  leading 
power  factor  it  may  be  more  practical  to  locate  the  phase  bal- 
ancers in  the  power  stations.  The  single-phase  load  is  usually 
of  low  power  factor  and  the  lagging  current  of  the  single-phase 
system  may  be  furnished  either  to  the  single-phase  distribution 
system  by  single-phase  synchronous  condensers  or  may  be  fur- 
nished in  the  power  house  by  polyphase  machinery  after  the 
whole  kilovolt-amperes  of  the  single-phase  load  has  been  con- 
verted to  polyphase-  In  the  latter  case,  the  phase  converter  can 
be  used  for  power  factor  correction  as  well  as  phase  conversion, 
but  in  that  case  it  must  be  large  enough  to  convert  the  whole 
single-phase-kilovolt  amperes  at  a  low  power  factor  and  then 
furnish  polyphase  current  to  correct  for  this  power  factor;  whereas 
in  the  other  case  where  the  single-phase  power  factor  is  corrected 
for  by  synchronous  condensers  the  phase  converter  needs  to 
convert  only  the  power  component  of  the  single-phase  load. 
The  choice  between  these  methods  of  conversion  will  depend 
upon  local  conditions  of  expediency. 

The  shunt  converter  is  of  particular  value  in  those  cases  when 
it  is  expected  that  single-phase  load  may  be  drawn  from  differ- 
ent phases  of  a  polyphase  system.  In  such  cases  unbalancing 
of  the  single-phase  load  will  be  partly  neutralized  and  it  will  be 
necessary  to  convert  only  the  difference  between  the  single-phase 
loads.  There  are,  on  the  other  hand,  cases  where  the  series 
phase  converter  can  be  used  to  best  advantage.  Those  are  cases 
when  it  is  desired  to  convert  the  single-phase  load  at  the  point 
where  it  is  connected  to  the  polyphase  system.  The  series  con- 
verter has  in  that  case  the  advantage  of  simplicity,  as  the  ar- 
rangement is  automatic  and  no  auxiliary  generator  or  voltage 
regulator  is  needed.  In  cases  where  a  single  electric  welding 
machine  or  arc  furnace  is  to  be  fed  from  a  polyphase  system,  the 
series  converter  should  be  recommended.  If  such  an  installation 
has  been  made  with  a  series  converter  in  order  to  insure  the 
lowest  first  cost  and  it  should  be  desired  to  add  other  ftunaces 
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to  the  other  phases,  the  same  converter  might  be  used  as  a 
shunt  converter  without  any  increase  of  converter  capacity  but 
with  the  addition  of  suitable  regulating  devices. 

It  has  been  pointed  out  that  a  synchronous  condenser  has  a 
structure  suitable  for  phase  conversion.  The  same  is  the  case 
with  an  induction  motor  or  a  single-phase  turbo-generator,  in 
fact  any  polyphase  machine  with  a  squirrel  cage.  Such  machines 
are  always  connected  in  shunt  to  the  line  and  would,  therefore, 
be  available  as  shunt  converters  wherever  desired.  If,  for  in- 
stance, a  power  house  is  built  primarily  for  furnishing  single- 
phase  power  from  single-phase  generators,  but  it  is  desired  to 
furnish  a  certain  amount  of  polyphase  power  in  addition,  the 
objection  arises  that  the  polyphase  voltage  is  unbalanced  in 
proportion  to  the  single-phase  load.  In  such  a  case  it  might  be 
expedient  to  use  the  squirrel  cage  of  the  turbo-generator  as  a 
converter  medium  by  adding  suitable  regulating  devices.  The 
interchange  of  current  between  the  phases  is  then  already  de- 
termined by  the  load  conditions,  but  the  electromotive  forces 
necessary  to  cause  this  interchange  of  current  appear  in  the  un- 
balancing of  the  line  voltage.  This  unbalancing  of  voltages  can 
be  treated  with  the  same  method  of  analysis  as  given  in  the  pre- 
ceding for  the  unbalancing  of  current.  The  unbalancing  electro- 
motive forces  are  resolved  into  their  components  and  the  cor- 
recting electromotive  force  may  be  furnished  by  a  generator 
driven  either  from  the  turbine  shafts  or  by  a  synchronous  motor. 
This  generator  has  the  same  character  and  functions  as  the 
auxiliary  balancing  generator  in  the  phase-converter  set.  A 
power  house  for  mixed  single-phase  and  polyphase  load  equipped 
in  this  way  can  be  operated  in  multiple  with  other  power  houses 
using  standard  polyphase  generators. 

The  methods  that  may  be  employed  in  order  to  equip  a  power 
system  so  that  it  can  take  on  mixed  single-phase  and  polyphase 
load  can  be  classified  in  the  following  groups: 

A.  The  use  of  standard  polyphase  generators  and  phase  con- 
verters for  correcting  the  unbalanced  load.  The  phase  conver- 
ters may  be  placed  either  in  the  power  station  or  substations 
and  may  be 

1.  shtmt  converters,  or 

2.  series  converters. 

B,  The  use  of  special  generators  with  squirrel-cage  windings, 
adapted  for  mixed  single-phase  and  polyphase  load,  and  an  equip- 
ment of  automatic  apparatus  to  prevent  the  unbalancing<of  vol-  j 
tage  that  the  single-phase  load  tends  to  produce.      '^^^  byVjOOgle 


1326 


ALBXANDERSON  AND   HILL: 


[Oct   13 


•nd  Voltai* 

BALANCING  SYSTEM  B 


Automatic  Ragulator 
BALANaNG  SYSTEM  C 


Digitized  by  LjOOQ IC 


1916]  SINGLE-PHASE   POWER   PRODUCTION  1327 

C.  The  use  .  of  standard  polyphase  generators  and  special 
single-phase  generators  connected  to  the  same  bus  bars  with 
automatic  means  for  regulating  the  governors  and  fields  of  the 
single-phase  generators  so  that  they  will  absorb  the  entire 
unbalancing  of  the  current. 

The  choice  between  these  three  methods  of  balancing  a  power 
system  with  mixed  load  will  depend  upon  local  conditions  and 
general  expedience.  All  three  methods  have  the  advantage  of 
avoiding  duplication  of  the  transformation  and  distribution 
system.  The  first  method  involving  the  use  of  the  phase  conver- 
ter introduces  the  least  change  in  standard  polyphase  power 
systems  and  is  adapted  for  the  cases  where  the  polyphase 
load  is  predominant.  The  second  method  is  adapted  for  cases 
where  the  single-phase  load  is  predominant,  and  has  the  merit  of 
making  all  of  the  generating  units  available  for  both  single  and 
polyphase  power  as  the  system  may  demand.  It  is  thus  adaptable 
to  growth  and  changes  in  the  system,  to  preservation  of  good 
load  factor  and  interconnection  with  other  power  systems.  The 
third  method  does  not  offer  any  particular  advantages  over  the 
two  others  but  is  mentioned  for  the  sake  of  completeness.  Its 
use  might  be  considered  in  cases  where  single-phase  and  poly- 
phase generators  are  already  in  use  in  the  same  power  house  and 
it  is  desired  to  use  the  polyphase  distribution  system  for  taking 
on  single-phase  load.  The  efficiency  of  all  three  methods  may 
be  said  as  a  whole  to  be  on  a  par.  In  specific  cases  some  slight 
advantage  may  be  figured  out  for  each  of  the  systems,  but  the 
determining  factors  will  not  be  so  much  inherent  efficiency  of 
the  electrical  apparatus  as  the  difference  in  load  factors  and  the 
influence  of  load  factors  on  steam  economy. 

For  the  sake  of  an  easy  comparison  of  the  different  methods 
proposed,  a  tabulated  set  of  diagrams  are  given  showing  the 
essential  features  of  each  system. 
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SINGLE-PHASE  POWER  SERVICE  FROM  CENTRAL 
STATIONS 


BY    R.  E.  OILMAN  AND  C.  LE  G.  FOJITESCUE 


Abstract  of  Paper 

The  purpose  of  the  paper  is  to  outline  several  methods  by 
which  single-phase  power  may  be  supplied  from  a  polyphase 
system  and  to  discuss  their  advantages  and  disadvantages. 
^  The  unbalance  in  voltage  when  single-phase  power  is  supplied 
direct  from  a  polyphase  circuit  is  explained.  The  law  of  dis- 
tribution of  load  in  the  polyphase  system  is  deduced,  and  the  lim- 
itations of  this  method  of  supplying  single-phase  power  are 
discussed. 

Single-phase  generation  is  one  solution  of  the  problem,  motor 
or  steam  drive  may  be  used  depending  on  the  size  of  unit  required. 
An  outline  of  the  theory  of  the  single-phase  generator  is  given 
from  different  points  of  view. 

The  essential  requirements  for  phase  balancing  are  deduced 
from  which  an  outlme  of  the  theory  of  phase  balancing  is  devel- 
oped. Attention  is  called  to  the  requirements  of  the  control 
apparatus.  The  behavior  of  the  balancer  under  short  circuit  is 
given  consideration. 

The  merits  of  single- phase  generation  and  phase  balancing 
in  the  case  of  a  single-phase  load  from  one  phase  are  discussed, 
with  the  conclusion  that  there  is  little  difference  in  cost  between 
the  two  schemes  and  there  is  much  to  be  said  in  favor  of  single- 
phase  generation  for  such  a  case. 


Introduction 

IT  IS  the  purpose  of  this  paper  to  outline  several  methods  by 
which  a  power  company  may  supply  single-phase  power,  to 
indicate  under  what  conditions  each  method  may  be  considered 
as  the  most  suitable,  and  to  explain,  from  more  than  one  view- 
point, some  of  the  features  of  the  design  and  theory  of  the  ap- 
paratus required. 

Central  stations  with  polyphase  equipment  are  often  called 
upon  to  supply  single-phase  loads  in  small  quantities.  In 
general,  this  is  attended  with  no  difficulty,  as  the  individual 
loads  are  ordinarily  small  and  a  combination  of  a  large  ntunber 
of  small  loads  ordinarily  results  in  a  fairly  balanced  total  load. 
Under  certain  circumstances,  however,  even  with  relatively 
small  single-phase  loads,  it  would  be  desirable  to  balance  up 
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individual  feeders  if  it  were  possible  to  obtain  the  necessary 
apparatus. 

When,  however,  the  individual  single-phase  loads  become 
relatively  large,  compared  with  the  total  capacity  of  the  station, 
both  the  voltage  and  current  unbalance  of  the  system  resulting, 
may  cause  serious  inconvenience  and  it  becomes  necessary  to 
provide  special  means  for  handling  these  loads. 

It  is  proposed  to  consider  the  problem  under  the  following 
heads. 

1.  Single-phase  loads  supplied  direct  from  the  polyphase 
system. 

2.  Single-phase  loads  supplied  from  separate  single-phase 
generators. 

3.  Single-phase  loads  supplied  from  polyphase  system  direct, 
but  the  balance  of  the  system  maintained  by  means  of  auxiliary 
apparatus. 

I — Single-Phase  Loads  Supplied  Direct  from  the  Poly- 
phase System 

When  a  single-phase  load  is  supplied  direct  from  any  poly- 
phase generator,  the  effect  of  this  load  is  to  produce  an  un- 
balance in  the  terminal  voltage  of  the  machine.  The  voltage 
of  any  phase  of  a  generator  when  carrying  load  is  the  resultant 
of  the  induced  voltage  and  the  e.m.f .  necessary  to  force  the  cur- 
rent against  the  impedance  of  the  phase  winding.  It  is  evident, 
therefore,  that  if  equal  currents  of  the  same  displacement  are 
supplied  by  all  phases,  in  other  words,  balanced  load  is  delivered 
by  the  machine,  that  the  terminal  voltage  diagram  is  similar  to 
the  no-load  voltage  diagram,  but  that  all  e.m.fs.  are  rotated 
through  the  same  angle;  balanced  voltages  are  therefore  main- 
tained. If,  however,  a  single-phase  load  is  applied  to  the  machine 
(for  example  in  the  case  of  a  three-phase  generator),  the  terminal 
voltages  of  two  legs  only  are  affected  by  the  load  current  and  the 
resultant  triangle  of  terminal  voltages  is  distorted  from  an  equi- 
lateral or  balanced  triangle.    See  Figs.  1  and  2. 

The  division  of  an  unbalanced  load  between  the  various 
machines  connected  to  a  polyphase  system  may  be  explained  as 
follows:  The  distortion  of  the  e.m.f.  diagram  must  be  the  same 
for  all  generators  connected  to  common  bus  bars  and  for  all 
feeders  leaving  'these  bus  bars,  therefore,  the  magnitude  of  the 
impedance  drop  in  the  machines  is  identical  for  all  units.  In 
other  words,  the  unbalance  in  load  distributes  itself  between  all 
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machines  connected  to  the  system  inversely  in  proportion  to  the 
impedance  of  the  machine  plus  the  impedance  of  the  line  circuit 
up  to  the  point  of  application  of  the  unbalanced  load. 

The  magnitude  of  the  voltage  unbalancing  in  any  system  will 
depend,  therefore,  upon  the  relative  amount  of  balanced  load 
as  compared  with  the  unbalanced  portion.  In  particular,  sym- 
metrical polyphase  machinery,  such  as  synchronous  motors, 
synchronous  converters  or  induction  motors,  will  have  a  pro- 
nounced balancing  effect  on  the  system  independent  of  the 
amount  of  load  carried  by  them. 

In  addition  to  the  voltage  unbalance,  single-phase  loads  on 
polyphase  systems  may  produce  undesirable  temperatures  in 
certain  portions  of  the  polyphase  apparatus  unless  such  apparatus 
is  specially  designed  to  carry  unbalanced  loads.    A  full  explana- 
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Fig.  1. — Change  in  Voltage  Tri- 
angle Due  to  Balanced  Load 


Fig  2. — Change  in  Voltage  Tri- 
angle Due  to  Single-Phase  Load 


tion  of  this  phenomenon  will  be  given  under  the  discussion  on 
single-phase  generators  and  phase  balancing  apparatus. 

When  the  unbalance  in  voltage,  or  the  heating  of  polyphase 
machines  become  excessive  to  such  an  extent  that  the  service 
is  in  danger,  some  other  means  must  be  considered  for  supplying 
the  unbalanced  loads.  The  two  means,  which  at  once  suggest 
themselves,  are  the  use  of  separate  single-phase  generators,  or 
the  use  of  auxiliary  apparatus  to  restore  the  balance. 

In  considering  these  two  subjects,  two  general  methods  of 
analysis  present  themselves.  The  polyphase  generator  may  be 
considered  as  a  combination  of  single-phase  generators,  or  the 
single-phase  generator  may  be  considered  as  a  special  case  of 
loading  of  the  polyphase  generator.  The  problem  will  be  pre- 
sented from  both  points  of  view  in  the  following  discussion  of  the 
action  of  the  single-phase  generator  and  the  general  problem  of 
phase  balancing.  ^  j 
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II — Single-Phase  Loads  Supplied  prom  Separate  Single- 
Phase  Generators 

If  the  single-phase  load  supplied,  is  of  a  different  frequency 
from  that  of  the  polyphase  system,  it  is  obvious  that  a  single- 
phase  generator  is  the  only  logical  solution.  This  generator 
may  be  driven  either  by  steam  direct,  or  by  a  motor  connected 
to  the  polyphase  system.  If  the  frequency  of  the  single-phase 
load  is  the  same  as  that  of  the  polyphase  system,  and  it  is  de- 
cided to  generate  this  load  as  single-phase  power,  the  generators 
may  be  driven  by  motor,  if  the  load  is  a  small  percentage  of  the 
total  station  capacity;  or  they  may  be  steam  driven,  if  the  gene- 
rators are  of  sufficient  output  to  warrant  it.  Choice  of  the  drive 
is  largely  one  of  dollars  and  cents,  to  be  determined  by  the  cost 
of  the  plant  and  the  economy  of  operation.  The  main  advantage 
in  the  use  of  steam  drive  is  that  the  single-phase  load  of  the  sta- 
tion is  entirely  independent  of  the  main  system.  The  cost  of 
power  may  be  higher  for  the  single-phase  plant  than  for  the  main 
system,  the  difference  depending  upon  the  relative  size  of  the 
units  in  the  two  systems,  and  upon  whether  steam  drive  or  motor 
drive  be  used. 

The  only  piece  of  apparatus  requiring  any  explanation  is  the 
single-phase  generator  itself.  This  machine,  as  ordinarily  built, 
is  essentially  a  three-phase  generator,  except  that  the  rotor  is 
provided  with  a  damper  or  a  squirrel-cage  winding  in  the  faces 
of  the  field  poles.  The  general  construction  and  appearance  of 
such  dampers  is  well  known,  as  their  use  is  quite  common  in  con- 
nection with  different  types  of  synchronous  apparatus.  In  a 
self-starting  synchronous  motor,  dampers  are  employed  to  in- 
crease the  torque  per  ampere  at  starting,  and  in  synchronous 
converters  to  prevent  phase  swinging  or  hunting  from  becoming 
excessive,  while  in  single-phase  machines  dampers  provide  a  low 
resistance,  a  low  reactance  path  for  currents  induced  in  the 
rotor  to  compensate  for  the  pulsating  armature  reaction. 

The  first  requisite  of  any  constant-potential  machine  is  that 
the  m.m.f.  of  the  load  circuit  must  not  change  the  main  flux  of 
the  machine,  so  long  as  the  load  is  constant.  In  single-phase 
generators,  therefore,  where  the  m.m.f.  of  the  load  circuit  is 
pulsating,  that  is,  variable  in  magnitude  from  one  instant  to  the 
next,  and  in  position,  with  respect  to  the  exciting  circuit,  also 
from  one  instant  to  the  next,  it  is  obvious  that  some  other  m.m.f. 
exists  of  such  value  at  all  instants,  as  to  produce,  in  combination 
with  the  load  reaction,  a  m.m.f.  of  constant  value  and  fixed 
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position  with  respect  to  the  main  poles.    This  m.m.f.  is  supplied 
by  currents  which  are  induced  in  the  damper  winding. 

A  complete  discussion  going  into  the  calculation  of  these  cur- 
rents is  not  warranted  in  this  paper,  but  it  may  not  be  out  of 
place  to  give  an  illustration  of  the  underlying  principle  based 
upon  the  well  known  mathematical  theorem  that  two  vectors 
of  equal  value,  rotating  in  opposite  direction  at  equal  angular 


Fig.  3. — A  =*  m.m.f.  Distribution  Due  to  Load  Current. 

B,  C  =  Vector  Components  of  A  of  Opposite  Rotation. 


velocity,  produce  a  sine  wave.  The  diagrams  shown  in  Fig.  3 
are  drawn  under  the  assumption  that  the  m.m.f.  distribution  of 
the  armature  winding  is  a  sine  wave.  A  little  consideration  will 
show  that  if  these  damper  currents  are  not  of  sufficient  magni- 
tude to  completely  neutralize  the  pulsating  component  of  the 
armature,  the  main  flux  must  pulsate  at  double  frequency. 
Also,  that  if  the  resistance  to  the  flow  of  these  currents  is  high  , 
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excessive  losses  may  occur  in  the  pole  faces  of  the  machine. 
This  latter  phenomenon  explains  the  temperature  rise  which 
occurs  in  polyphase  machines  without  dampers  when  carrying 
unbalanced  loads. 

There  are  some  advantages  in  considering  the  single-phase 
generator  from  the  point  of  view  of  a  polyphase  machine  having 
an  unbalanced  load.  It  will  be  necessary,  first  of  all,  to  accept 
the  following  theorem,  the  mathematical  proof  of  which  is  given 
in  the  appendix  and  a  graphical  proof  in  the  portion  of  this  paper 
devoted  to  phase  balancing. 

Any  unbalanced  three-phase  system  of  currents  or  e.m.fs,  the 
sum  of  whose  instantaneous  values  is  zero,  may  be  resolved  into 
two  component  balanced  polyphase  systems,  one  of  which  has  the 
same  phase  rotation  as  the  unbalanced  system  and  the  other  has 
opposite  phase  rotation. 

The  single-phase  load  may  be  considered  as  an  unbalanced 
three-phase  load  having  the  following  values. 

/i=     0 

/,  =  -/ 

/i,  li  and  Iz  being  the  vector  values  of  the  line  currents  of  the 
three-phase  system,  and  /  being  the  vector  value  of  the  single- 
phase  load  current.  This  system  of  currents  may  be  resolved  as 
shown  in  vector  diagram  Fig.  9,  into  two  balanced  three- 
phase  systems  of  currents  of  equal  amplitude,  one  of  which  has 
the  same  phase  rotation  as  the  generator  and  the  other  has  op- 
posite phase  rotation. 

The  three-phase  component  of  normal  phase  rotation  sets  up 
a  synchronous  rotating  m.m.f.  in  the  main  winding  opposite  to 
the  direction  of  rotation  of  the  main  winding  relative  to  the  dam- 
per winding  and  which  is,  therefore,  stationary  relative  to  the 
latter.  On  the  other  hand,  the  counter-phase  rotational  com- 
ponent sets  up  a  synchronous  rotating  m.m.f.  which  has  the 
same  direction  of  rotation  as  that  of  the  main  winding  relative 
to  the  damper  windings,  and,  therefore,  the  field  set  up  by  it 
cuts  the  latter  at  double  synchronous  speed,  and  induces  in 
them  double  frequency  polyphase  currents,  which  produce  a 
rotating  counter  m.m.f.  approximate  in  value  to  the  m.m.f.  set 
up  by  the  counter-phase  rotational  component  of  current  in  the 
main  winding;  the  degree  of  approximation  being  proportionate 
to  the  closeness  of  magnetic  coupling  between  the  two  windings. 
If  it  were  possible  to  make  the  magnetic  coupling  perfect,  and 
if  the  damper  resistance  were  zero,  no  magnetic  flux  would  be 
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set  up  by  the  counter-phase  rotational  component  and,  there- 
fore, the  unbalancing  in  the  terminal  e.m.f.  would  be  due  only 
to  the  /  R  drop  in  the  main  windings. 

When  the  dampers  are  perfect,  the  exciting  field  winding  and 
the  pole  faces  will  have  no  currents  induced  in  them,  but  since 
it  is  not  possible  to  obtain  absolute  perfection  in  this  respect, 
a  minute  amount  of  double-frequency  current  will  be  set  up  in 
the  pole  faces  and  exciting  circuit.  In  machines  without  dampers 
such  as  are  commonly  used  for  polyphase  systems,  these  cir- 
cuits, since  they  are  not  symmetrical  polyphase  circuits,  will 
react  on  the  main  windings  in  an  undesirable  manner,  when  the  s 
machines  are  carrying  unbalanced  loads.  For  example,  a  counter- 
phase  rotational  m.m.f.  induces  in  the  field  winding  a  double- 
frequency  single-phase  current,  the  m.m.f.  set  up  by  which  in 
the  main  field  windings,  may  be  resolved  into  those  due  to  two 
equivalent  balanced  three-phase  systems  of  currents,  one  of 
which  reacts  so  as  to  reduce  the  resultant  m.m.f.  while  the  other 
sets  up  a  rotating  m.m.f.  of  double  synchronous  speed  in  the 
opposite  direction  to  that  of  the  field  relative  to  the  main  wind- 
ings. The  latter,  therefore,  induces  triple-frequency  balanced 
three-phase  currents  in  the  main  windings,  of  the  same  phase 
rotation  as  the  fundamental.  These  currents  in  turn  react  on 
the  exciting  circuit  to  set  up  quadruple-frequency  currents, 
which  in  turn  will  react  on  the  main  windings  to  produce  three- 
phase  quintuple-frequency  currents,  and  so  on.  The  restilt  is 
a  complete  train  of  three-phase  odd  harmonics  of  the  same 
phase  rotation  as  the  fundamental  and  of  diminishing  ampli- 
tude in  the  e.m.f.  of  the  main  winding  of  the  machine.  One  par- 
ticular set  of  these  odd  harmonics,  namely  the  mtiltiples  of  three, 
because  they  are  in  three-phase  relation  in  a  three-phase  system, 
will  produce  unequal  wave  forms  on  the  three  phases. 

Prom  the  foregoing  analysis  of  a  single-phase  generator,  it 
appears  that  the  single-phase  impedance  is  made  up  of  two  ele- 
ments, namely,  the  effective  impedance  of  the  generator  con- 
sidered as  a  polyphase  machine  to  the  symmetrical  three-phase  . 
positive  rotational  component  of  the  load,  and  its  effective  im- 
pedance to  the  negative  rotational  component  of  the  load.  The 
former  is  the  impedance  of  the  machine  to  a  symmetrical  poly- 
phase current  of  positive  phase  rotation  (the  positive  rotation 
being  assumed  to  be  that  of  the  generator),  when  the  machine 
is  running  in  the  normal  direction  at  synchronous  speed  with 
zero  excitation.    The  latter  is  the  impedance  of  the  machine  to 
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a  symmetrical  polyphase  current  of  negative  phase  rotation 
when  the  machine  is  running  in  the  normal  direction  at  syn- 
chronous speed  Tviih  zero  excitation.  The  former  of  these  quan- 
tities is  dependent,  in  some  degree,  upon  the  saturation  of  the 
magnetic  circuit,  but  corrections  can  be  made  from  the  no-load 
saturation  curves  of  a  machine  for  any  desired  degree  of  ap- 
proximation. The  latter  value  is  only  slightly  affected  by  satura- 
tion, especially  where  the  damper  design  is  effective. 

The  single-phase  impedance  is  the  sum  of  the  two  impedances 
between  neutral  point  and  terminals,  obtained  in  the  manner 
described  in  the  last  paragraph,  combined  as  complex  quan- 
tities. 

The  effect  of  the  dampers  bn  short  circuit  is  not  to  increase 
the  transient  value,  but  to  sustain  it.  Therefore,  the  severity 
of  a  short  circuit  on  a  machine  provided  with  dampers  is  not 
increased,  from  the  magnetic  standpoint,  but  the  action  con- 
tinues for  a  longer  period. 

It  will  be  obvious  from  the  preceding  discussion  that  the 
single-phase  generator  may  also  be  used  as  a  polyphase  generator, 
if  so  designed,  and  will  be  of  superior  type  to  the  standard  poly- 
phase machine,  especially  where  the  polyphase  load  is  liable  to 
be  unbalanced.  When  installing  single-phase  steam-driven 
generators,  the  possibility  of  using  them  as  auxiliaries  for  the 
polyphase  system  may  be  worthy  of  consideration.  This  would 
be  particularly  the  case  if  the  peaks  of  the  single-phase  and  poly- 
phase systems  occur  at  different  periods. 

Ill — Single-Phase  Loads  Supplied  from  Polyphase  System 
Direct,  but  the  Balance  of  the  System  Maintained  by 
Means  of  Auxiliary  Apparatus 
It  has  already  been  shown  that  any  unbalanced  single-phase 
loads  will  be  distributed  among  the  various  machines  connected 
to  the  system  in  inverse  ratio  to  the  impedance  of  the  machine 
and  the  circuit  up  to  the  point  of  unbalance.  From  this  con- 
sideration it  is  apparent  that  if  a  machine  of  zero  impedance  were 
connected  to  the  system,  all  of  the  unbalanced  load  would  be 
assimied  by  this  unit.  Therefore,  to  produce  a  balancer,  it  is 
only  necessary  to  neutralize  the  impedance  drop  due  to  the  un- 
balanced load.  It  is  possible  to  produce  the  equivalent  of  zero 
impedance  by  introducing  one  or  more  single-phase  boosters 
supplying  a  voltage  of  the  proper  magnitude  and  phase  position 
so  that  the  distorted  triangle  of  voltages  will  be  restored  to  a 
balanced  or  equilateral  triangle.  ^.^^^^^  byGoOglc 
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It  is  evident  that  if  a  motor,  having  balanced  symmetrical 
counter  e.m.f.,  is  connected  to  a  balanced  three-phase  system 
it  will  absorb  balanced  load  from  the  system.  If  all  unbalanced 
loads  were  isolated  and  carried  by  one  generator,  it  is  obvious, 
as  explained  before,  that  the  voltage  of  this  generator  would  be- 
come unbalanced.  For  example,  see  Fig.  4.  The  problem  now 
is  how  to  connect  this  unit  to  the  balanced  system,  without 
permitting  any  of  the  unbalanced  load  to  be  carried  from  the 
main  generator.  It  is  evident  that  by  adjusting  the  excitation 
of  this  generator,  so  that  the  terminal  e.m.f.  of  any  phase,  for 
example  A  B,  is  equal  to  that  of  the  polyphase  system,  and  if, 
in  series  with  the  terminal  C  a  single-phase  booster  be  connected 
giving  an  e.m.f.  equal  to  CD  and  of  the  direction  shown  in  the 


riG.  4 

figure,  a  balanced  voltage  triangle  can  be  produced  equal  to 
that  of  the  main  system  and,  if  this  machine  be  paralleled  with 
the  main  system,  no  redistribution  of  load  will  occur.  If  this 
generator  and  booster  were  driven  from  the  same  shaft,  it  would 
be  possible  to  remove  the  driving  power  and  the  combined  unit 
would  act  as  a  motor-generator  taking  balanced  polyphase 
power  from  the  system  and  delivering  single-phase  energy  as  a 
generator.  A  balancer  has,  therefore,  been  produced  which 
will  function  properly  so  long  as  the  unbalanced  load  remains 
fixed  in  magnitude  and  phase.  If  the  phase  of  the  single-phase 
load  should  change,  it  is  necessary  to  change  the  phase  of  the 
booster  with  respect  to  the  balancer  and  if  the  magnitude  of  the 
load  should  change  it  will  be  necessary  to  change  the  amount  of 
booster  in  proportion.       In  the  diagram  shown,  the  resultant 
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single-phase  load  is  carried  across  terminals  A  C,  and  it  is  readily 
seen  that  if  the  load  should  be  transferred  to  terminals  AB^  or 
BC  the  booster  would  have  to  be  shifted  in  direction  120  deg. 
and  240  deg.  respectively: 

It  is  also  possible  to  start  from  any  other  side  of  the  triangle 
and  by  constructing  equilateral  triangles  with  these  sides  as 
a  base,  two  other  boosts  are  obtained,  which  can  also  produce 
the  necessary  balance. 

It  is  evident,  therefore,  that  in  place  of  any  one  of  these  three 
boosts,  such  for  example  as  CD,  two  boosts  of  equal  voltage  and 
180  deg.  phase  displacement  can  be  used  if  these  boosters  are 
connected  to  points  A  and  B  of  the  triangle.  See  Fig.  5.  Or 
three  boosters  can  be  used,  one  connected  to  each  comer  of  the 
original  triangle.     From  Fig.  4,  it  will  be  seen  that  triangles 


Fig.  5.  Fig.  6. 

CDB  and  A  EB  are  similar  and  equal  and  since  by  construction 
the  sides  CB  and  E  B  are  60  deg.  apart,  the  sides  C  D  and  A  E  are 
eO.deg.  apart  and  the  e.m.fs.  CD,  AE  and  FB  are  120 deg.  apart 
and  all  equal  in  magnitude.  If  any  of  these  values  be  reversed, 
it  is  readily  shown  that  all  three  boosts  can  be  employed  to 
produce  a  balanced  triangle.  It  would  then  be  possible  to  com- 
bine all  three  booster  windings  on  a  single  armature,  which 
would  be  wound  exactly  like  a  three-phase  machine  except  that 
the  phase  displacement  of  the  terminal  voltages  would  be  60  deg. 
in  place  of  120  deg.    See  triangle  I>£G,  Fig.  4. 

If  starting  out  with  the  triangle  ABC,  an  equilateral  triangle 
be  constructed  with  i4  C  as  a  base,  the  boost  B  D  can  be  replaced 
by  two  boosts  A  F  and  C£,  and  the  equivalent  equilateral  tri- 
angle BEF  will  be  obtained.    If  from  point  E  a  line  £  G  be  drawn 
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at  30  deg.  to  the  line  C  £,  and  from  point  F  the  line  FHhe  drawn 
at  30  deg.,  it  is  apparent  from  the  figure  that  with  5  as  an  apex  a 
series  of  equilateral  triangles  can  be  formed  by  measuring  equal 
distances  from  points  E  and  F  respectively  along  the  lines  GE 
and  FH, 

One  case,  which  is  of  particular  interest,  is  when  the  two  boosts 
become  parallel  as  shown  in  Fig.  6.  In  this  case  the  boosts  are 
at  right  angles  to  the  line  D  B  and  this  at  once  suggests  the  pos- 
sibility of  replacing  them  by  a  balanced  three-phase  system  as 
indicated  by  the  triangle  A  IK.  It  has  been  shown  by  the  con- 
struction that  triangle  B  IJ  is  equilateral  and  it  is  self  evident 
that  ii  10,  AO  and  X  0  be  combined  successively  with  IB,  IJ 
and  JB  that  an  equilateral  triangle  would  be  obtained,  as  shown 


Fig.  7. 


hy  OLM,  Fig.  7.  Also,  the  construction  shows  that  AO,C  Mand 
L  B  drawn  from  points  A ,  B  and  C  produce  the  same  triangle. 

It  is  to  be  noted  that  AO,  C  M  and  L  B  are  all  respectively 
equal  to  one- third  of  the  length  BD.  Also  that  these  three 
boosts  form  a  balanced  three-phase  system,  and  combine  with 
AB,  BC  and  Ci4  to  produce  an  equilateral  triangle  with  opposite 
phase  rotations. 

It  has  been  shown  graphically,  step  by  step,  how  any  un- 
balanced triangle  of  voltages  can  be  forced  to  a  balanced  tri- 
angle by  various  combinations  of  single-phase  boosters  using 
one,  two  or  three  boosters  to  accomplish  this  purpose.  The  solu- 
tion shown  in  Fig.  7,  is  the  most  general  for  the  three-phase 
system,  and  can  be  stated  as  follows:  Any  unbalanced  triangle 
of  voltages  in  a  three-phase  system  can  be  replaced  by  two  bal- 
anced systems  of  the  proper  magnitude  and  combined  at  the 
correct  phase  angle.    In  order  to  simplify  matters,  the  graphic 
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demonstration  of  this  fact  has  been  confined  to  the  case  of  the 
three-phase  system.  It  is  shown,  however,  in  the  appendix  to 
this  paper,  that  the  above  solution  of  unbalance  is  perfectly 
general. 

Given  an  unbalanced  triangle,  as  shown  in  Fig.  8,  the  graphic 
solution  is  indicated. 

In  an  extensive  polyphase  system,  it  frequently  happens  that 
while  the  aggregate  single-phase  loads  produce  fairly  balanced 
polyphase  load  at  the  central  station  bus  bars,  the  voltage  at 
the  ends  of  individual  feeders  may  be  considerably  unbalanced. 
It  is  proved  in  the  appendix  that  an  unbalanced  polyphase 
e.m.f.  can  be  resolved  into  two  balanced  polyphase  e.m.fs.,  one 
of  which  is  of  opposite  phase  rotation  to  that  of  the  system.  If, 
therefore,  at  a  distributing  point,  a  polyphase  booster  be  con- 
nected in  series,  in  the  feeder  lines,  with  phases  in  opposite 
rotation  to  that  of  the  system,  and  if  provision  be  made  for 
changing  the  phase  position  and  magnitude  of  the  booster  e.m.f., 
the  unbalanced  e.m.fs.  at  this  point  may  be  boosted  into  a  bal- 
anced system.  Fig.  10  in  the  appendix,  shows  graphically  how 
to  obtain  the  booster  e.m.f.  required  to  balance  up  a  distorted 
system. 

Means  must  be  provided  to  control  the  voltage  and  phase 
angle  of  the  booster  according  to  the  balancing  requirements. 
This  may  be  accomplished  by  two  specially  arranged  regulators, 
the  arrangement  of  which  will  depend  upon  the  methods  used  to 
adjust  phase  and  voltage  in  the  booster. 

Where  both  current  and  voltage  are  seriously  unbalanced, 
the  auxiliary  apparatus  must  be  such  as  to  supply  the  elements 
necessary  to  produce  balance  in  both  voltage  and  current.  It 
has  already  been  pointed  out  that  when  an  unbalanced  load  is 
supplied  from  a  polyphase  system,  all  the  polyphase  rotating 
machinery  connected  to  the  system  tend  to  keep  the  voltages 
in  balance  and  supply  current  in  such  a  manner  as  to  approach 
a  condition  of  balance  at  the  bus  bars.  The  particular  element 
of  an  unbalanced  load  that  must  be  supplied  in  order  to  maintain 
a  balanced  load  at  the  bus  bars,  is  the  counter-phase  rotational 
symmetrical  polyphase  component  of  the  load. 

The  impedance  of  a  dynamo  electric  machine  to  counter- 
phase  rotational  symmetrical  polyphase  currents  may  be  made 
extremely  low  by  the  addition  of  carefully  designed  polyphase 
dampers  or  squirrel-cage  windings.  If,  in  addition,  auxiliary 
means  be  provided,  externally  or  internally,  to  assist  the  natural 
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action  of  the  machine  as  a  balancer,  its  admittance  to  the  counter- 
phase  rotational  currents  may  be  made  infinite,  so  that  the 
terminal  e.m.f.  of  the  machine  will  be  absolutely  balanced  no 
matter  how  much  counter-rotational  current  it  may  be  called 
upon  to  supply. 

The  ability  of  an  unassisted  dynamo  electric  machine  to  act 
as  a  balancer  is  measured  by  its  impedance  to  the  counter-phase 
rotational  component  of  the  unbalanced  load.  The  action  of 
such  a  machine,  when  thrown  on  to  an  unbalanced  system,  con- 
sists in  supplying  such  an  amount  of  this  counter-phase  rota- 
tional component  as  will  be  necessary  to  pull  the  system  and 
the  machine  into  the  same  degree  of  unbalance.  The  voltage 
balance  of  the  system  is  thereby  improved  at  the  expense  of  the 
voltage  balance  of  the  machine.  The  voltages  that  cause  un- 
balance at  the  machine  terminals  are  the  impedance  drops  due 
to  the  counter-phase  rotational  current  supplied  by  the  machine, 
and  are,  therefore,  counter-phase  rotational  and  symmetrical. 
One  way,  therefore,  for  assisting  the  machine  to  maintain  a 
balance,  is  to  supply  an  equal  and  opposite  counter-phase  rota- 
tional e.m.f.  in  series  with  the  windings  by  means  of  a  booster, 
and  this  will  render  the  effective  impedance  of  the  machine  to 
these  currents  zero. 

Since  with  varying  degrees  and  phases  of  unbalance  the  im- 
pedance e.m.f.  will  vary  in  degree  and  phase  position,  the  ex-  . 
temal  source  of  e.m.f.  must  be  provided  with  similar  adjustment 
in  voltage  and  phase  position,  and  the  apparatus  provided  to 
control  these  adjustments  must  respond  to  the  variations  of 
unbalance  in  the  proper  degree.  The  means  of  adjustment  for 
an  auxiliary  machine  connected  rigidly  to  the  main  machine  may 
consist  of  two  field  windings  in  quadrature  relation,  connected 
to  separate  exciters.  This  will  permit  of  adjustment  both  in 
magnitude  and  phase  position  of  the  auxiliary  machine  in  respect 
to  the  main  machine. 

The  control  of  the  adjustment  of  the  auxiliary  machine,  with 
various  degrees  and  phases  of  unbalancing,  is  not  a  simple  prob- 
lem, and  until  it  has  been  satisfactorily  solved,  a  perfect  phase 
balancer  cannot  be  considered  as  an  accomplished  fact.  The 
essential  requirements  of  the  regulating  apparatus  are: 

1.  That  it  be  extremely  sensitive  to  voltage  differences. 

2.  That  it  be  capable  of  adjustment  so  that  there  will  be  no 
hunting  between  the  control  elements. 

Whether  these  conditions  have  been  obtained  in  any  installa- 
tion of  balancers,  up  to  the  present  time,  is  open  tQ|g<j|^^ti@oOQlc 
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Since  a  single-phase  e.m.f.  may  be  resolved  into  two  balanced 
polyphase  e.m.fs.  of  opposite  phase  rotation,  perfect  balance  may 
be  obtained  by  one  single-phase  booster  in  connection  with  the 
main  machine.  One  component  of  this  single-phase  voltage 
must  be  the  counter-phase  rotational  component  required  to 
balance  up  the  terminal  voltages  of  the  main  machine.  The 
other  component,  which  is  of  the  same  phase  as  the  system,  is 
provided  for  by  the  excitation  of  the  main  machine.  The  single- 
phase  machine  may  be  arranged  so  that  its  middle  point  is  con- 
nected to  the  neutral  of  all  but  two  of  the  windings  of  the  main 
machine,  its  terminal  being  connected  to  the  ends  of  the  two 
remaining  windings  of  the  main  machine,  which  would  other- 
wise be  connected  to  the  common  point,  and  it  should  be  mounted 
on  the  same  shaft  as  the  main  machine  and  be  provided  with 
means  for  changing  voltage  and  phase  with  respect  thereto. 

The  obvious  defect  of  such  a  system  lies  in  the  diffictdty  of 
control,  since  with  changing  phase  of  unbalancing,  the  excita- 
tion of  the  main  machine  must  be  changed  as  well  as  that  of  the 
auxiliary  single-phase  booster. 

A  modified  form  of  the  same  scheme  would  require  a  ntmiber 
of  single-phase  machines  of  the  same  phase,  connected  between 
the  neutral  point  and  each  phase  of  the  main  machine,  the  com- 
plete set  of  machines  being  capable  of  simultaneous  phase  shift- 
ing, and  each  machine  separately  having  full  voltage  control. 

As  a  corollary  to  the  above,  it  may  be  stated  that  any  system 
of  unbalanced  polyphase  e.m.fs.  may  be  used  as  an  auxiliary 
means  of  producing  perfect  phase  balancing. 

While  some  of  the  schemes  outlined  above  may,  with  restricted 
phases  of  unbalancing,  offer  a  satisfactory  solution,  the  use  of  a 
polyphase  main  machine  combined  with  a  polyphase  auxiliary 
machine  is  the  simplest  solution  for  the  problem  of  general  balan- 
cing and  all  practical  balancers  will  be  based  upon  this  feature. 

A  convenient  way  of  regarding  the  phase  balancer  is  to  con- 
sider it  as  a  motor  taking  power  symmetrically  from  the  poly- 
phase system  and  delivering  it  to  the  same  system  as  single, 
phase  current.  The  motor  and  generator  actions  tend  to  counter- 
act one  another  in  any  polyphase  machine  provided  with  dampers 
and  when  the  auxiliary  booster  is  added,  the  annulment  is  com- 
plete after  the  auxiliary  has  become  adjusted. 

The  action  of  a  balancer  under  short-circuit  condition  will, 
therefore,  depend  on  the  range  of  excitation  of  the  auxiliary. 
For  the  initial  condition,  until  the  auxiliary  has  had  time  to 
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adjust  itself,  the  main  machine  will  feed  into  the  short  circuit 
in  much  the  same  manner  as  any  other  synchronous  machine 
provided  with  dampers.  If  the  auxiliary  had  a  range  sufficient 
to  give  complete  balance  under  short  circuit,  the  full  polyphase 
capacity  of  the  system  would  be  concentrated  in  the  short  cir- 
cuit and  the  phase  balancer  would  necessarily  carry  a  counter- 
phase  rotational  load  of  equal  value.  In  other  words,  the  cur- 
rent delivered  by  a  perfect  balancer  under  short-circuit  condi- 
tion, is  limited  only  by  the  current  that  the  system  on  which  it 
is  operating,  can  deliver  to  a  S5nnmetrical  short  circuit. 

Practically  the  short-circuit  conditions  are  not  so  bad  as  in- 
dicated in  the  above  paragraphs,  because  the  limitation  in  volt- 
age of  the  auxiliary  machine  permits  of  perfect  balancing  only 
up  to  a  certain  point.  The  short-circuit  stresses  in  the  balancer 
will  nevertheless  be  much  more  severe  than  such  as  would  be 
obtained  in  a  generator  or  synchronous  condenser  of  the  same 
size  operating  on  the  system. 

Conclusion 

Where  the  unbalanced  load  fluctuates  between  the  different 
phases  and  is  of  sufficient  magnitude  to  cause  trouble,  a  phase 
balancer  is  clearly  the  proper  solution  of  the  problem. 

When  a  single-phase  load  on  one  phase  is  to  be  supplied,  the 
problem  becomes  one  of  relative  economy  and  reliability  in 
service  of  the  balancer,  as  compared  with  the  single-phase  gener- 
ator. The  main  machine  of  the  balancer  set  must  have  the 
same  polyphase  output  as  the  alternative  single-phase  machine, 
and  must  also  be  provided  with  dampers  of  equal  rating;  but 
it  must  also  be  capable  of  withstanding  the  more  severe  short- 
circuit  conditions  due  to  its  balancing  action.  In  the  balancer 
there  is  very  little  torque  on  the  shaft  and,  therefore,  the  me- 
chanical design  may  be  cheapened  and  the  operating  speed  in- 
creased. It  is  doubtful,  however,  if  the  main  machine  of  the 
balancer  set  can  be  made  much  cheaper  than  a  single-phase 
machine  of  the  same  output. 

The  auxiliary  machine  will  be  necessarily  costly  on  account 
of  the  double  set  of  poles  and  the  wide  range  of  excitation 
required.  Its  exciters  must  be  relatively  large  in  capacity  so  as 
to  provide  rapid  change  in  excitation  from  full  positive  to  full 
negative.  In  addition  there  will  be  the  control  system,  which 
is  complicated  and  costly.  It  is  questionable  whether  this  por- 
tion of  the  balancer  set  can  be  made  for  much  less  cost  than  the 
motor  required  for  the  equivalent  single-phase  °i^chigg^^y(^QQQ|g 
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From  an  operating  standpoint,  there  is  much  to  be  said  in 
favor  of  single-phase  generation.  In  the  first  place,  it  is  isolated 
to  a  large  extent,  or,  if  steam  driven,  completely,  from  the  main 
polyphase  system.  This  is  of  distinct  advantage  if  the  single- 
phase  load  is  subject  to  frequent  and  violent  interruptions. 
In  the  second  place,  the  short-circuit  condition  resulting  from 
the  use  of  the  single-phase  machine  will  be,  in  general,  much 
less  severe  and,  therefore,  less  apt  to  cause  trouble  and  prolonged 
interruptions  in  service,  than  when  a  balancer  is  used. 

From  the  point  of  view  of  economy  of  operation,  there  is  little 
to  be  said  in  favor  of  one  over  the  other;  the  balance  is  probably 
in  favor  of  the  phase  balancer  when  compared  with  the  motor- 
generator  set,  and  in  favor  of  the  generator  when  it  is  steam 
driven. 

APPENDIX 

An  unbalanced  three-phase  system,  in  which  the  sum  of  the 
instantaneous  values  of  the  elements  is  zero,  can  be  resolved  into 
two  balanced  systems  of  positive  and  negative  phase  rotation. 

In  a  three-phase  system  let  the  positive  and  negative  phase 
rotational  systems  be, — 

El  =  El  El'  =  El' 

£2  =  coEi  £2'  =  co2  £1' 

£3  =  co2£i  £3'  =  co£i' 

Where  co  is  one  of  the  imaginary  cube  roots  of  unity.     Then 
if  £a,  Eb  and  Ec  be  the  unbalanced  e.m.f.  such  that, — 
£a  =  £1  +  £/ 
£6  =  £2  +  £2' 
£c  =  £3  +  £3' 
With  the  condition,  Ea  +  Eb  +  Ec  =  0,  this  set  of  equations 
is  determinate  and  the  symmetrical  solutions  for  the  balanced 
components  are  as  follows, — 

„        Ea+  0)^Eb  +  0)Ec            „        Eb  +  c^  Ec  +  co  Ea 
iii  =  5 ,  r.2  =   ^ 


£3- 


Ec  +  o)^Ec  +  CO  Eb 


„  ,       Ea  +  o)Eb  +  w^Ec            ^  ,      Eb  +  o)  Ec  +  w^  Ea 
Ji.1    =  ^ ,  /i2  =    ^1 


£•/  = 


3 

Ec  +  coEa  +  0)^  Eb 
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Applying  these  to  a  single-phase  load  on  a  three-phase  system, 
if  /i  be  the  value  of  the  current. 

Ia  =  0 

h  =  h 
Ic=  -h 
and,  therefore, 


3  -  7  V3 


h 


T  '  -  4.4  ^0     T  '      3  -  j  V3        ,  3  -I-.;  V3    . 


Fig.  9. — Single-Phase  Load  on  Phases  A,  B  and  C  Respectively 
Resolved  into  Two  Balanced  Three-Phase  Components  of 
Positive  and  Negative  Phase  Rotation. 


Fig.  9  shows  in  a  .vector  diagram  the  positive  and  negative 
phase  rotational  components  of  a  single-phase  load  of  equal 
magnitude  and. power  factor  on  each  phase  of  a  three-phase 
system.  The  component  of  the  same  phase  rotation  as  the  system 
remains  constant,  while  the  counter-phase  rotational  component 
changes  in  phase  through  120  deg.  with  each  change  in  load 
position. 

The  formulas  given  above,  may  be  interpreted  as  follows : 

The  negative  phase  rotational  system  is  the  mean  of  the  three 

symmetrical  systems  obtained  by  taking  each  of  the  e.m.fs. 

Eaj  Eb  and  Ec  of  the  original  system  and  considering  it    as    a 

member  of  a  balanced  system.    This  results  in  the  three  systems: 
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£n=   ««E.  \  (1) 

Ec     =    «  £a  J 

Efc   =  Eb 

Ec2  =  «« £6  }  (2) 

£„i  =  «  Efc 

£a2=««£.  }.  (3) 

£62    =    «  £c  J 

from  which  the  negative  phase  rotational  component  is  obtained 
by  taking  the  mean  of  the  three  quantities  in  the  three  groups 
having  the  same  sub-letter. 

Similarly  the  positive  phase  rotational  component  is  obtained 
by  taking  the  mean  of  three  symmetrical  systems  of  positive 
rotation,  formed  from  the  elements  £«,  Eb  and  £«  of  the  unbal- 
anced systems.    These  are  as  follows : 

£6.   =    «  £a  1^  (4) 

£c8   =    CO^  Ea 

Eb   =  Eb 

£.4  =  CO  £6  J.  (6) 

EaZ   =    CO*  Eb 

Ec    ^Ec  ] 

EaZ   =    CO  £e  I  (6) 

£64    =    CO*  Ec  J 

Then,  as  before,  each  element  of  the  component  of  positive 
phase  rotation  is  obtained  by  taking  out  of  each  group  the  ele- 
ments having  the  same  sub-letter  and  finding  their  mean  value. 
Fig.  10  illustrates  the  graphical  construction  required  to  carry 
out  the  operations  indicated  above.  The  triangle  A,  B  and  C 
represents  the  unbalanced  polyphase  system  which  may  also 
be  represented  by  the  vectors  OA,  OB  and  0  C  drawn  from  the 
centroid  0  of  the  triangle  A ,  B  and  C.  Two  circles  are  described 
with  0  as  center,  namely  A  Ci  Cz  having  0  i4  as  radius,  and 
B  C2  Ci  having  0  5  as  radius.  In  the  circle  A  Ci  Cz,  OC  is  taken 
1 20  deg.  in  advance  of  0  -4  and,  therefore,  corresponds  to  0  C  in  the 
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symmetrical  system  based  on  0-4,  having  negative  phase  rota- 
tion. In  the  circle  B  Ca  C4,  0  C2  lags  120  deg.  behind  0-Band, 
therefore,  corresponds  to  the  vector  0  C  in  the  symmetrical 
system  of  negative  phase  rotation  based  on  OB.  The  corres- 
ponding vector  0  3  of  the  symmetrical  negative  phase  rotational 
component  is  the  mean  between  the  vectors  OC,  0C\  and  0  Ct 
and  is  obtained  by  drawing  a  line  from  0  to  the  centroid  of  the 
triangle  0  C\  Ct  that  is  03.  By  describing  a  circle  with  radius 
03  and  center  0,  and  taking  points  1  and;? respectively  120  deg. 
and  240  deg.  lagging  behind  3,  the  complete  symmetrical  nega- 
tive phase  rotational  component  1,  2,  and  3  is  obtained. 


Fig.  10. — Unbalanced  Three-Phase  System  Resolved  Graphically 
INTO  Two  Balanced  Systems  of  Positive  and  Negative  Phase  Ro- 
tation. 


The  positive  phase  rotational  component  is  obtained  in  a 
similar  manner,  0  d  and  0  C4  having  their  vectors  corresponding 
to  0  C  in  symmetrical  positive  phase  rotational  systems  based 
on  Oi4  and  OB  respectively.  The  vector  03' of  the  positive 
phase  rotational  system  corresponding  to  03' in  the  negative 
phase  rotational  system  is  the  mean  of  the  vector  0  C.OCz  and 
0  C4  and  is  obtained  by  drawing  a  line  from  0  to  0  3',  where  0  3'  is 
the  centroid  of  the  triangle  C  Cz  C4.  The  triangle  representing 
the  symmetrical  positive  phase  rotational  component  is  obtained 
by  drawing  the  circle  12  3  with  O  as  center  and  03' as  radius, 
the  points  1  and  2  being  taken  respectively  120  deg.  and  240  deg. 
in  advance  of  3. 
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Discussion  on  "Single-Phase  Power  Production'*    (Alex- 

ANDERSON  AND  HiLL),  SiNGLE-PhASE  PoWER  SERVICE  FrOM 

Central  Stations  (Oilman  and  Fortescue),  Philadel- 
phia, Pa.,  October  13,  1916. 

R.  E.  Doherty:  I  have  some  facts  regarding  the  relative  cost 
and  efficiency  of  the  different  types  of  machines,  which  may  be 
helpful  in  crystallizing  ideas  regarding  what  may  be  the  most 
practical  machine  for  this  purpose. 

The  relative  merits  of  different  kinds  of  machines  for  the  gener- 
ation of  single-phase  power  have  been  discussed  in  the  several 
papers  in  terms  of  expediency  and,  in  a  general  way,  of  cost  and 
economy.  A  decision  on  what  is  the  most  practicable  means  of 
generating  this  power  can  be  brought  within  more  definite  lines 
by  supplementing  that  discussion  with  a  comparison  of  relative 
costs  and  efficiencies  for  a  particular  proposed  installation. 

The  single-phase  requirements  which  have  been  chosen  as  a 
basis  for  this  comparison  represent  the  conditions  for  which 
operating  companies  find  it  necessary  to  resort  to  special  apparatus, 
namely,  a  single-phase  railroad  load,  or  its  equivalent,  in  which 
the  peaks  are  large  compared  with  the  average  load  and  also 
large  compared  with  the  three-phase  generating  capacity. 

The  following  comparison  is  made  for  a  load  requirement  of 
5000  kw.,  unity  power  factor,  continuously;  five-minute  peaks  of 
12,000  kw.,  unity  power  factor.  The  machines  are  compared  in 
two  different  ways: 

1.  Relative  costs  and  capacities  of  the  same  frame  (same 
magnetic  dimensions)  equipped  in  different  cases  as  a  phase  con- 
verter, single-phase  generator  and  three-phase  synchronous 
motor,  assuming  in  each  instance  that  the  overload  will  be  2.4 
times  the  normal  capacity. 

This  is  shown  in  Table  I. 

2.  Relative  costs  and  losses  of  a  phase-converter  set,  a  motor- 
generator  set,  and  a  steam-turbo  single-phase  generator.  In  each 
case  the  set  is  to  meet  the  above  specifications  of  5000  kw.,  con- 
tinuously, and  12,000  kw.,  five  minutes.  This  comparison  is 
shown  in  Table  II. 


table  i. 


Three-phase  synchronous  motor        ... 

Capacity 

Cost 

100 
90 
66 

100 
115 
100 

Phase  converter  (series  or  shunt) 

Single-phase  generator 

table  II. 


Shunt-phase-converter  set 

Losses 

Cost 

100 

85 

186 

123 

100 
65 

118 
96 

Series  phase  converter  (without  transformers) 

3-phase  motor,  1 -phase  generator 

1 -phase  turbo-generator 
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In  Table  II  the  exciter  capacity  for  all  machines  is  included  in 
the  cost;  and  in  case  of  the  phase  converter  one  additional  volt- 
age regulator  is  included. 

As  regards  the  factors  of  efficiency  and  cost,  therefore,  the 
figures  in  Table  II  are  very  much  in  favor  of  the  phase  converter, 
as  compared  with  a  motor-generator  set.  A  complete  compari- 
son with  a  single-phase  generator,  including  the  losses  and  costs 
of  the  apparatus  which  supplies  the  motor-generator  or  the  phase 
converter,  depends  of  course  upon  local  conditions.  But  the 
figiu-es  in  Table  II  give  a  basis  for  such  a  comparison. 

Where  load  is  taken  off  different  phases,  the  shunt  phase-con- 
verter set,  of  course,  must  be  used.  If  the  load  is  taken  from  one 
phase  only,  and  the  power  factor  is  not  low  enough  to  seriously 
affect  the  voltage  regulation,  the  series  converter  seems  to  be  the 
more  promising. 

The  regulation  of  a  series  converter  for  the  normal  and  over- 
load capacities  as  assumed  in  the  above  comparison  would  be 
about  \]/2  per  cent  for  full  load,  bYz  per  cent  for  2.4  times 
fuU  load. 

If  it  becomes  general  practise  to  correct  the  power  factor  of 
the  single-phase  load  from  an  outside  source,  as  indicated  in  Mr. 
Eglin's  paper,  the  usefulness  of  the  series  converter  will  be  greatly 
enlarged. 

H.  G.  Reist:  The  problem  of  obtaining  single-phase  cxurent 
of  large  quantity,  has  been  with  us  for  a  long  time.  It  has  not 
been  found  entirely  satisfactory  to  take  varying  single-phase  loads 
from  three-phase  generators  or  from  single-phase  generators. 

If  single-phase  current  is  taken,  for  instance,  from  a  three- 
phase  system,  it  unbalances  that  system.  The  unbalancing 
cannot  be  prevented  by  compensating  windings  on  the  pole 
pieces.  If  it  is  a  fluctuating  single-phase  load,  it  will  cause  fluc- 
tuations in  the  polyphase  circuits,  and  will  interfere  with  any 
lights  that  might  be  on  the  system.  It  also  interferes  with  motors 
in  causing  them  to  operate  less  efficiently  and  at  a  lower  output. 
In  general,  it  is  not  satisfactory,  provided  the  power  is  sold, 
although  in  some  cases  it  might  be  tolerated  if  the  maker  of  the 
power  used  it  himself.  It  would  seem  then,  that  heretofore,  the 
only  way  of  satisfactorily  obtaining  single-phase  power  was  from 
single-phase  generators.  This,  when  it  is  produced  by  a  power 
company,  involves  a  separate  system  not  tied  in  with  the  regular 
power  producing  apparatus.  With  a  pulsating  load,  such  as  has 
been  discussed,  it  means  that  the  generating  set  is  only  lightly 
loaded  much  of  the  time  and,  therefore,  must  be  very  wasteful. 

Most  of  the  power  now  is  obtained  from  steam  turbines,  and 
the  generator  problem  is  quite  a  serious  one  in  these  units,  es- 
pecially as  we  get  to  larger  sizes. 

It  is  well  known  that  a  single-phase  generator  has  to  be  about 
50  per  cent  larger  than  the  corresponding  three-phase  generator 
for  the  same  power  factor;  that  the  power  factor  required  from 
single-phase  generators  is  usually  about  70  per  cent,  being  much 
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lower  than  is  demanded  from  three-phase  generators;  and  that 
the  necessary  addition  of  a  squirrel-cage  winding  requires  the 
turbine  generator  field  structure  to  b^  about  double  the  size 
necessary  for  a  standard  three-phase  generator. 

In  a  turbine  generator  the  largest  losses  are  usually  due  to 
windage,  and  these  are  very  greatly  increased  by  enlarging  the 
field  over  what  will  be  necessary  for  generating  three-phase 
current. 

However,  as  I  said  before,  probably  the  increased  losses  from 
this  point  are  less  important  than  the  great  losses  in  the  steam 
turbine,  due  to  running  much  of  the  time  greatly  under-loaded. 

Mr.  H.  L.  Wallau:  So  far  the  problem  has  been  attacked  from 
the  point  of  view  of  the  relative  advantage  of  a  single-phase  load 
on  the  generating  station. 

As  our  industrial  developments  have  grown,  however,  and  we 
now  get  fairly  large  furnaces  and  welding  machines,  we  are  going 
to  have  to  meet  the  problem  of  supplying  these  single-phase  loads 
on  substations  of  relatively  small  capacities,  compared  with  the 
generating  station. 

In  such  cases  the  single-phase  generator  would  not  be  an  ap- 
plicable solution,  as  it  would  necessitate  carrjdng  the  supply  lines 
back  to  the  generating  station,  or  installing  an  expensive  motor- 
generator  set.  It  would  seem,  therefore,  that  the  phase  conver- 
ter would  meet  this  problem  best,  when  it  became  sufficiently 
serious  to  require  remedying. 

Mr.  Alexanderson,  I  think,  has  pointed  out  that  whenever  we 
can  get  the  customers  to  buy  the  phase  converter,  the  series  ma- 
chine is  the  one  to  recommend:  but  when  the  power  company  has 
to  buy  the  machine,  the  shunt  converter  should  be  purchased. 

Mr.  Eglin  also  brought  up  the  point  today  that  every  customer 
should  have  his  power  factor  corrected  by  condensers  so  as  to 
give  a  imity  power-factor  load. 

Recently  one  of  the  manufacturing  companies  has  developed 
a  new  type  of  condenser  which  can  be  made  relatively  small,  im- 
mersed in  an  ordinary  transformer  case  and  sealed  with  oil,  and 
I  think  it  might  not  be  difficult  in  certain  cases,  at  least  where 
there  was  an  inducement  in  the  rate,  to  have  the  customer  put 
in  enough  capacity  in  this  type  of  condenser  to  materially  improve 
his  power  factor,  if  not  to  bring  it  up  to  unity. 

Balanced  three-phase  imity  power-factor  load  is  most  eco- 
nomical for  generation  and  distribution.  It  follows  that  the 
most  logical  place  to  put  in  corrective  apparatus  for  either  power 
factor  or  unbalanced  load  correction  is  at  the  point  or  points  where 
the  load  differs  from  the  ideal  load,  and  if  the  correction  can  not 
be  made  at  this  point,  it  should  be  made  as  near  this  location  as 
possible,  rather  than  at  tlie  generating  station.  The  phase- 
balancer^and  synchronous'condenser  best  lend  themselves  to  such 
an  application. 

H.  R.  Summerhayes:  In  stating  that  a  phase  converter  was 
less  expensive  than  a  motor  generator  in  larger  sizes,  and  it  might 
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be  of  the  same  cost  in  smaller  sizes,  I  did  not  mean  to  indicate 
that  the  motor  generator  should  be  preferred. 

I  thoroughly  agree  with  Mr.  Eglin  that  the  motor  generator 
should  be  in  the  discard,  except  for  small  applications,  and  where 
the  load  is  taken  off  of  one  phase.  Even  in  this  case  it  may  be 
possible  to  use,  what  Mr.  Alexanderson  calls  the  series  converter, 
at  less  cost  and  lower  losses. 

Mr.  Torchio  said  that  he  had  stated  clearly  in  his  paper  the 
reason  why  it  was  decided  not  to  tie  in  the  single-phase  railway 
system  and  its  generating  system,  with  the  25-cycle  polyphase 
generating  system  of  the  New  York  Edison. 

I  can  appreciate  that  the  problem  of  division  of  loads  is  a 
serious  one,  but  I  merely  wish  to  point  out  that  it  might  be  an 
engineering  possibility  to  put  in  a  balancer;  and  I  believe  that 
the  division  of  load  could  be  taken  care  of  by  the  adjustments  of 
the  governors;  certainly  they  would  have  to  put  in  a  voltage 
regulator,  as  Mr.  Torchio  states,  but  even  if  the  peak  loads  were 
taken  in  a  larger  proportion  by  the  larger  station,  provided  it 
was  taken  care  of  by  voltage  regulators,  it  would  not  appear  to 
be  a  very  serious  matter. 

Here  in  Philadelphia  they  are  operating  now  with  peak  loads 
of  some  20,000  kv-a.  single-phase  on  a  system  of  less  than  50,000 
kw. 

That  is  to  say,  they  were  running  this  afternoon  two  genera- 
tors, totaling  less  than  50,000  kilowatts. 

There  were  peak  loads  of  nearly  20,000  kw.  single-phase  coming 
on,  and  the  voltage  regulation  was  good,  so  that  it  would  appear 
possible  on  a  larger  system  to  do  the  same. 

In  the  matter  of  synchronous  condensers  Prof.  Scott  and  others 
were  inclined  to  recommend  making  the  generators  larger,  mak- 
ing them  capable  of  taking  care  of  the  poor  power  factors. 

Personally  I  am  a  strong  advocate  of  the  synchronous  con- 
denser. I  do  not  think  that  the  central  station  people,  all  of 
them,  have  given  the  matter  sufficiently  close  study.  I  know 
it  has  been  studied  a  great  deal,  but  I  do  not  believe  that  it  is 
fully  realized  that  the  line  losses  at  70  per  cent  power  factor  are 
double  the  losses  at  a  100  per  cent,  and  at  60  per  cent  they  are  . 
three  times.  Very  frequently  it  can  be  worked  out  that  the 
saving  in  line  losses  alone  will  justify  the  installation  of  a 
synchronous  condenser. 

The  investment  in  cable  should  be  taken  into  account,  and  the 
investment  in  the  cost  of  the  generator. 

A  synchronous  condenser,  it  must  be  remembered,  is  the 
cheapest  kind  of  synchronous  machinery;  that  is,  it  can  be  made 
at  a  selected  speed,  so  as  to  have  the  lowest  cost  per  kilowatt. 
Furthermore,  it  can  be  made  to  operate  without  attendance. 

I  do  not  see,  because  a  piece  of  apparatus  rotates,  why  it  should 
require  an  attendant  any  more  than  a  transformer  does. 

Automatic  apparatus  for  converters  and  condensers  is  now 
coming  into  use,  and  I  believe  will  be  more  widely  used. 
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Explanation  of  the  Action  of  the  Phase  Converter 

In  order  to  balance  the  single-phase  load  and  distribute  it 
equally  on  the  three  phases  of  the  generator,  the  three  currents 
of  the  generator  must  be  made  equal  and  each  current  will  be  1 
divided  by  1.73  or  58  per  cent  of  the  single-phase  load  current. 
Designating  the  single-phase  load  currents  as  A  and  B  (see 
Fig.  1)  the  current  A  is  composed  of  two  components.  Ai  com- 
ing from  the  generator  equal  to  58  per  cent  of  A  and  30  deg.  out 
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Fig.  1 — Current  Relations  in  Phase  Converter 


of  phase  with  A ,  is  the  known  component.  By  graphical  solution 
(see  Fig.  1)  the  other  component  of  current  Ay  which  we  will 
designate  as  -4  2,  coming  from  the  phase  converter  is  equal  to  -4 1,  30 
degrees  out  of  phase  with  A  and  60  degrees  out  of  phase  with  A 1 
In  other  words.  A  is  composed  of  two  components  combined 
at  60  degrees  phase  angle. 

On  the  other  leg  of  the  single-phase  load  we  will  designate  the 
current  as  -B.  At  any  given  moment  when  A  is  the  outgoing  cur- 
rent, B  is  the  incoming  current.  B  is  equal  to  A  and  they  are  180 
degrees  apart.     In  a  manner  similar  to  the  above  we  find  that 
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B  is  composed  of  two  components  each  58  per  cent  of  B  and  30 
degrees  from  B  in  phase  relation,  Bi  coming  from  the  generator 
being  60  degrees  from  B^  which  comes  from  the  phase  converter. 

Completing  the  vector  diagram  of  oirrents  on  the  generator 
since  the  currents  afe  balanced  and  120  degrees  apart,  we  find 
that  the  third  phase  of  generator  current  is  Ci,  as  shown  in  Fig. 
1.  This  same  current  Ci  flows  into  the  phase  converter,  but 
since  the  generator  current  is  an  outgoing  current  and  in  phase 
with  the  voltage  (at  100  per  cent  power  factor)  and  the  current 
Ci  flowing  into  the  phase  converter  is  a  synchronous-motor 
current,  C2  when  represented  on  a  vector  diagram  will  be  180 
degrees  from  Ci  and  at  100  per  cent  power  factor  would  be  180 
degrees  from  the  bus  voltage  like  any  other  synchronous-motor 
current. 

By  combining  the  three  vector  currents,  A  2,  B2  and  Ct  we  ob- 
tain the  vector  diagram  of  currents  in  the  phase  converter  and 
find  that  these  currents  in  order  to  balance  a  gi\en  single-phase 
load  are  equal  to  the  currents  in  the  generator.  The  current  C2, 
like  any  synchronous  motor  current  is  180  degrees  out  of  phase 
with  the  generator  current,  but  the  currents  A  2  and  B2  are  only 
60  degrees  out  of  phase  with  Ai  and  Bi  and  on  the  vector  dia- 
gram it  is  seen  that  the  phase  rotation  is  in  opposite  direction  to 
that  of  the  generator,  whereas  in  the  vector  diagram  for  a  syn- 
chronous motor  the  currents  are  all  180  deg.  out  of  phase  with 
the  generator  currents  and  the  phase  rotation  Is  the  same  as  for 
the  generator.  In  the  phase  converter  the  voltage  of  the  large 
machine  is  in  the  same  phase  rotation  as  the  generator  voltage 
but  on  account  of  the  voltage  distortion  produced  by  the  voltage 
balancer  the  currents  in  the  phase  converter  are  in  opposite  phase 
rotation  to  those  in  the  generator. 

The  unbalancing  of  currents  in  the  generator  produced  by 
single-phase  load  is  accompanied  by  a  distortion  of  the  voltage 
triangle  and  in  order  to  bring  the  currents  in  the  generator  back 
into  balance  we  must  produce  internal  voltages  in  the  windings 
of  the  phase  converters  of  such  magnitude  and  phase  relations 
as  will  produce  the  currents  necessary  to  combine  with  the  bal- 
anced generator  currents  to  supply  the  single-phase  load  currents. 
Since  the  currents  in  the  phase  converter  to  accomplish  this 
balancing  must  be  in  opposite  phase  rotation  to  those  in  the  • 
generator,  while  the  n-ain  counter  e.m.f.  produced  in  t^  e  phase 
converter  is  in  phase  with  the  generator  voltage,  the  cvrents  in 
opposite  pi  ase  rotation  to  the  generator  currents  are  produced 
by  introducing  in  the  Y  connection  of  the  phase  converter  a 
smaller  three-phase  machine  mounted  on  the  same  shaft  and 
driven  by  the  phase  converter.  This  machine  is  designated 
as  the  voltage  balancer  and  is  so  connected  as  to  have  opposite 
phase  rotation  to  the  phase  converter. 

The  revolving  field  of  this  machine  is  not  a  definite  pole  con- 
struction but  consists  of  a  laminated  structure  containing  slots 
in  which  there  are  two  field  windings  at  right  angles  to  each 
other  in  space  (see  Fig.  2).  Digitized  by  GoOgle 


1354 


SINGLE-PHASE  POWER  PRODUCTION 


|Oct.  13 


By  exciting  field  winding  1  in  a  positive  direction  a  three-phase 
current  is  generated  of  opposite  phase  rotation  to  that  in  the 
converter,  but  in  a  certain  phase  relation  to  it  depending  on  the 
relative  positions  of  the  stators. 

The  stator  of  the  voltage  balancer  is  mounted  in  a  cradle  so 
that  it  can  be  fixed  in  different  angular  positions  with  respect  to 
the  position  of  the  stator  of  the  phase  converter. 

By  exciting  the  field  2  only,  three-phase  currents  will  be  pro- 
duced with  a  phase  relation  of  90  deg.  to  those  produced  by  field 
1  only.  Fields  1  and  2  may  be  reversed  thus  producing  phase 
relations  180  deg.  from  the  two  former  positions  and  by  exciting 
1  and  2  at  the  same  time  and  to  the  same  magnitude  the  inter- 


FiG.  2 — Voltage  Relations  in  Voltage  Balancer 
AND  Phase  Converter 


mediate  forty-five  degree  positions  are  produced.  By  exciting 
1  and  2  at  the  same  time,  but  with  different  magnitudes,  the 
voltage  of  the  balancer  may  be  made  to  assume  any  desired  phase 
relation  with  respect  to  that  of  the  converter. 

Referring  to  Fig.  2  the  delta  Ay  B,  C represents  balanced  volt- 
age on  the  generator. 

When  single-phase  load  is  taken  off  the  phase  AB  the  voltage 
triangle  will  be  distorted.  If  the  single-phase  load  is  of  100  per 
cent  power  factor  the  point  C  moves  in  the  direction  of  CO  and 
the  voltage  triangle  becomes  AOB.  If  the  load  is  at  70  per  cent 
power  factor  (45  deg.  lag.)  the  point  C  moves  in  the  direction  of 
COi  and  the  voltage  triangle  becomes  A  0\B.  If  the  single-phase 
load  were  of  zero  power  factor  point  C  would  move  in  the  direc- 
tion of  CO2  and  the  voltage  triangle  becomes  AO%B. 

By  properly  combining    the  direction  and  magnitude  of  the 
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fields  in  the  voltage  balancer  we  can  produce  a  voltage  distortion 
opposite  to  that  produced  by  the  single-phase  load  and  this  will 
cause  currents  to  flow  which  will  balance  the  single-phase  load 
in  the  generator.  It  is  possible,  for  instance,  to  set  field  1  so 
that  when  used  alone  it  will  produce  a  voltage  distortion  CS 
opposite  in  direction  to  CO  and  field  2  so  that  when  used  alone 
it  would  produce  a  voltage  distortion  CT  opposite  in  direction 
to  CO2,  the  combination  of  these  two  fields  would  obviously  pro- 
duce a  voltage  distortion  CV  opposite  to  C0\.  Thus  field  1 
would  compensate  for  single-phase  load  at  100  per  cent  power 
factor  and  bring  the  voltage  triangle  back  to  normal,  field  2 
would  compensate  for  single-phase  load  at  zero  power  factor  and 
a  combination  of  the  two  fields  in  equal  magnitude  would  com- 
pensate for  single-phase  load  at  70  deg.  power  factor  or  45  deg. 
lag  when  this  load  is  applied  on  phase  AB.  For  any  other  power 
factor  the  two  fields  could  be  used  in  different  proportions. 

It  is  assumed  in  the  above  case  that  the  voltage  of  the  phase 
-45  is  controlled  and  held  constant  by  the  generator  regulator, 
so  that,  the  single-phase  load  does  not  affect  the  voltage  AB. 

It  will  be  noted  that  when  unity  power-factor  single-phase 
load  is  thrown  on  and  the  voltage  triangle  tends  to  assume  the 
shape  AOB,  that  the  voltage  i4  C  is  increased  and  the  voltage  BC 
is  decreased.  For  lower  power  factors  both  voltages  may  be  in- 
creased. Therefore,  if  a  voltage  regulator  is  connected  across 
phase  A  C  and  made  to  regulate  field  1  and  another  regulator  is 
connected  across  phase  BC  and  made  to  regulate  field  2,  these 
regulators  will  so  control  the  fields  as  to  maintain  the  voltages 
A  C  and  BC  constant  and  in  so  doing  currents  of  the  proper  phase 
relation  and  magnitude  to  balance  the  single-phase  load  are  pro- 
duced in  the  windings  of  the  phase  converter,  these  currents 
being  made  to  flow  by  the  internal  voltages  generated  in  the  volt- 
age balancer,  which  overcomes  the  impedance  in  the  windings 
of  the  phase  converter. 

When  the  single-phase  load  is  thrown  on  phases  AC  or  BC  the 
voltage  triangle  is  again  distorted,  point  C  moving  in  a  different 
direction  but  regulators  which  are  arranged  to  reverse  the  fields 
when  necessary  will  so  control  the  fields  as  to  deliver  the  proper 
balancing  currents  no  matter  what  direction  the  point  C  tends 
to  move. 

In  the  main  machine  or  phase  converter  an  action  goes  on  in 
the  squirrel-cage  winding  which  may  be  explained  as  storage  of 
power  from  the  phase  C  and  delivery  to  the  phases  A  and  B. 

In  actual  practise  the  currents  flowing  to  the  converter  will 
be  slightly  unbalanced  on  account  of  the  losses  in  the  machine, 
but  the  generator  currents  will  be  balanced. 

R.  E.  Gilman:  It  is  the  single-phase  load,  superimposed  on 
a  polyphase  system  which  causes  voltage  unbalance. 

It  must  remembered  that  all  the  machines  on  the  system  are 
in  parallel  and  consequently  the  voltage  unbalance  is  common  to 
all.     This  distortion  is  due  to  unequal  impedance  drops  in  the 
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various  phases  of  any  machine.  These  drops  are  necessarily  the 
same  in  corresponding  phases  of  all  machines.  That  is  the  phase 
and  magnitude  are  equal  for  corresponding  phases.  The  cur- 
rents therefore  are  inversely  in  proportion  to  the  impedance  of 
the  machine.  To  force  any  machine  to  assume  all  the  unbalanced 
load,  all  that  is  necessary  is  to  reduce  the  equivalent  impedance 
of  that  machine  to  zero.  This  can  be  done  by  introducing  one 
or  more  voltages  of  the  proper  phase  and  magnitude  to  neutral- 
ize the  inherent  impedance  drop  of  the  machine. 

The  shunt  phase  balance  as  described  is  a  particular  solution 
of  the  problem  based  on  introducing  a  voltage  in  series  with 
each  phase  of  the  machine  which  is  to  assume  the  unbalanced 
load.  These  boosting  voltages  are  all  equal  and  make  up  a  poly- 
phase system  with  opposite  phase  rotation  to  that  of  the  main 
unit. 

W.  C.  L.  Eglin:  At  a  Chicago  meeting  some  years  ago  Dr. 
Steinmetz  presented  a  paper  on  *'The  Reliability  of  Power  Com- 
pany Service"  and  pointed  out  very  clearly  that  the  standard 
for  reliabiHty  of  service  was  the  simple  d-c.  distribution,  and  that 
with  the  increasing  general  use  of  alternating  current  we  had  to 
go  back  to  the  simple  standards  laid  down  by  Mr.  Edison  for 
satisfactory  general  power  distribution. 

He  also  pointed  out  very  clearly  that  if  the  proper  study  of  the 
power  companies'  requirements,  and  the  consumers*  requirements 
was  made,  there  was  no  reason  why  a-c.  systems  could  not 
follow  along  the  lines  laid  down  by  Mr.  Edison  and  be  equally 
as  reliable.  The  particular  feature  emphasized  was  the  proper 
use  of  reactances. 

As  has  been  brought  out  by  Mr.  Oilman,  the  main  difficulties 
are  in  producing  a  satisfactory  phase  converter  or 'phase  balancer. 
All  that  he  says  is  true,  and  all  of  these  difficulties  have  been 
overcome  by  Mr.  Alexanderson  and  his  assistants. 

Whatever  phase  the  unbalance  comes  on,  it  is  automatically 
taken  care  of.  The  dangers  of  a  heavy  short  circuit  have  been 
taken  care  of  in  the  two  ways;  first,  by  the  limiting  of  the  re- 
actances on  the  feeders;  and  second,  by  the  limitations  put  on 
the  regulators ;  so  that  there  is  a  limiting  load  which  can  come  on 
the  phase  balancer. 

In  this  work  there  is  one  other  feature  to  be  considered  and 
that  is  the  correction  for  power  factor.  As  has  been  pointed  out, 
very  serious  losses  are  involved  in  the  transmission  system  with 
a  low  power  factor. 

With  large  loads  it  is  essential  in  my  judgment  that  they  must 
only  be  considered  on  the  basis  of  unity  power  factor.  All  of  the 
problems  then,  including  the  balancing  problem  are  infinitely 
easier.  The  corrections  for  power  factor  should  be  part  of  the 
equipment. 

I  think  Mr.  Reist  has  very  clearly  shown  that  in  the  large 
size  generators  the  complications  in  building  are  bad  enough  now 
without  adding  to  the  size,  to  take  care  of  something  that  can 
be  taken  care  of  in  a  different  way. 
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I  was  asked  to  state  something  on  what  it  costs  to  produce 
single-phase  power. 

It  is  very  difficult  to  answer  that  exactly.  We  determined  first 
that  we  would  work  for  the  power  house  to  be  the  most  economi- 
cal that  could  be  built.  That  necessitated  that  we  fix  some 
standard  of  power  factor.  From  our  studies  of  the  results  of 
correcting  poor  power  factors,  we  were  convinced  that  we  should 
put  in  sufficient  synchronous  apparatus  to  obtain  unity  power 
factor.  -t 

In  a  power  station  the  load  is  not  fixed,  it  is  constantly  grow- 
ing from  year  to  year,  and  an  inductive  load  added  varies  with 
the  different  character  of  customer's  loads,  so  that  you  cannot  say 
that  your  power  factor  will  be  80,  90  or  95;  it  may  be  that  one 
year,  and  greater  or  less  the  next  year. 

That  made  us  desire  at  first  that  the  generator  be  designed  for 
unity  power  factor,  and  that  it  have  no  dampers  for  the  reason 
that  dampers  add,  as  has  been  explained,  first  to  the  size  of  the 
machine,  and  secondly  to  its  first  cost.  We  would  take  care  of 
the  unbalancing  of  load  in  some  other  way. 

All  of  the  methods  that  were  described  here  were  carefully 
discussed  and  analyzed,  as  far  as  our  conditions  were  concerned, 
and  we  determined  on  the  phase  balancer.  Naturally  there  were 
skeptics,  some  fears  as  to  what  we  could  accomplish,  especially 
as  we  were  depending  largely  on  automatic  devices  to  over- 
come some  of  the  difficulties. 

A  ntunber  of  people  have  seen  this  machine  in  operation,  and 
it  has  fulfilled  every  condition  that  has  been  expected  of  it;  in 
fact,  I  think  it  works  a  little  better  than  most  of  us  expected. 

I  was  asked  also  what  was  the  biggest  single-phase  load  that 
we  would  have  to  carry. 

The  principal  single-phase  load,  in  fact  the  entire  single-phase 
load  that  we  have  today,  is  for  electric  railroad  operation. 

We  endeavored  naturally  to  have  the  various  sections  of  this 
single-phase  load  distributed  over  the  three  phases  of  our  bus 
bars,  and  our  contracts  provide  for  the  sale  of  three-phase  power. 
That  is  very  difficult,  especially  in  the  starting  of  a  system; 
The  railroad  starts  with  one  division  which  can  be  put  on  one 
phase,  another  division  may  be  put  on  the  second  p;  aie,  and  a 
third  division  may  be  put  on  the  third  phase;  so  that  w^  get  a 
certain  amount  of  fixed  balance  under  these  conditions. 

The  operation  of  a  railroad,  however,  or  any  other  load,  even 
5000-kw.  electric  furnaces,  is  not  continuous;  it  may  be  shut  down. 
You  may  have  three  5000-kw.  furnaces,  and  if  one  is  shut  down, 
you  have  a  condition  of  unbalance,  so  that  the  phase  balancer  size 
has  to  be  the  size  of  the  largest  single-phase  load  that  you  may  have 
to  supply.  That,  in  this  case  is  the  heaviest  division  of  the  rail- 
road, to  which  we  have  supplied  I  think  about  30,000  kv-a.  The 
phase  balancer,  of  cotu-se,  as  has  been  pointed  out  before,  does 
not  have  to  carry  all  of  that  unbalanced  load  because  of  the  other 
synchronous  apparatus  that  is  on  the  bus-bar  system,  all  of  which 
tends  to  balance  the  load.  ^  I 
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This  load  is  corrected  for  very  nearly  unity  power  factor,  and 
the  synchronous  condensers  are  installed  in  a  sub-station  about 
midway  of  the  electrification,  so  as  to  get  the  real  advantage  of 
the  correction  of  the  power  factor,  reducing  the  line  losses  and 
maintaining  the  uniform  voltage  on  the  lines.  The  synchronous 
condenser  in  this  case  has  a  double  purpose. 

There  is  another  point  that  has  come  up,  and  that  is  a  question 
of  frequency.  There  have  never  been  any  real  standards  of  fre- 
quency established.  I  do  not  think  any  two  standards  can  ever 
be  called  a  standard.  We  have  had  the  so-called  25-cycle  and 
60-cycle  systems.  I  should  very  much  like  to  see  the  Institute, 
through  its  Standards  Committee,  take  up  and  solve  for  the  in- 
dustry at  large,  the  question  of  the  American  standard  frequency; 
and  I  think  that  will  do  more  to  help  the  development  in  every 
way,  both  in  the  use  and  sale  of  power  and  apparatus,  than  prob- 
ably anything  else  that  the  Institute  can  do. 

B.  A.  Behrend:  Mr.  Eglin  suggested  the  standardization  of 
frequency.  Now,  let  us  understand  the  fundamental  reasons 
which  underlie  the  difficulties  in  the  generation  of  single-phase 
current.  They  are  due  to  the  turbo-generator  which  has  com- 
pletely superseded  the  multipolar  reciprocating  generating  units 
of  ten  or  fifteen  years  ago. 

It  is  very  easy  to  design  an  electric  generator  of  say  26,000-kw. 
capacity  or  even  50,000-kw.  capacity,  provided  it  is  a  multipolar 
unit,  as  a  single-phase  generating  unit. 

It  is  not  possible  at  the  present  state  of  the  art  to  make  a 
single-phase  generating  unit  for  a  capacity  in  excess  of  say  16,000- 
kw.  and  I  should  prefer  to  limit  the  capacity  of  the  single-phase 
unit  to  15,000  kv-a.  considering  the  nature  of  the  load,  which  of 
course  is  a  railway  load  of  a  low  power  factor. 

C.  A.  Adams:     How  many  poles? 

B.  A.  Behrend :  I  refer  to  two-pole  units.  Now  then,  where  does 
the  question  of  frequency  enter  into  our  problem?  It  is  at  the 
present  state  of  the  art  not  possible  to  design  single-phase  motors, 
and  therefore  locomotives,  for  60-cycles,  which  frequency  Mr. 
Eglin  doubtless  had  in  mind,  when  he  made  his  suggestion  for 
the  standardization  of  the  frequency.  In  this  world  unfortu- 
nately conditions  are  not  as  we  want  them  to  be,  and  we 
have  to  recognize  the  facts  as  they  are. 

Two-pole  single-phase  generators  are  difficult  machines  to  de- 
sign, as  Mr.  Reist  has  pointed  out,  and  as  is  so  well  known  to  us. 

Mr.  Eglin  has  stated  that  it  is  necessary  in  modern  power  plants 
to  use  a  certain  amount  of  reactance  in  the  generators  and  feeders, 
and  it  may  be  added  that  the  increase  of  the  internal  reactance 
of  the  generators  has  increased  the  difficulty  of  designing  the 
damping  circuits  on  the  revolving  elements  of  the  turbo-generators, 
as  the  dampers  have  to  be  in  proportion  to  the  strength  of  the  arma- 
ture. Ttu-bo-rotors  travel  at  a  circumferential  speed  of  approxi- 
mately four  miles  a  minute;  at  which  speed  the  centrifugal  forces 
developed  are  terrific.     The  conducting  materials  at  the  present 
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state  of  the  art  have  no  considerable  mechanical  strength.  In  a 
device  which  we  have  developed  they  have  to  be  hammered  and 
peened  into  the  chrome  nickel  steel  end  rings  in  a  somewhat  com- 
plicated manner,  in  order  to  hold  them  in  place,  and  prevent 
them  from  shifting  and  bending. 

There  is  also  great  difficulty  in  obtaining  and  securing  satis- 
factory contact  between  the  axial  copper  conductors  and  the 
circumferential  conductors. 

Therefore,  it  may  be  stated  that  the  capacity  of  single-phase 
generators  is  limited;  and  the  engineers  who  have  an  opportunity 
to  specify  the  unit  capacity  of  such  generators  should  be  very  care- 
ful indeed  not  to  demand  of  the  manufacturer  too  large  a  unit 
as  it  involves  frequent  repairs,  and  imperils  reliability  of  service. 

This  is  the  fundamental  reason  for  the  question  that  has  been 
considered  in  the  sessions  today,  Mr.  Alexanderson  having  given 
us  a  means  of  utilizing  the  existing  26-cycle  three-phase  power 
plants  for  the  generation  of  the  single-phase  currents,  so  far  as 
this  25-cycle  single-phase  current  is  going  to  be  used  in  the  oper- 
ation of  our  great  railway  systems. 

Now  then,  in  the  case  of  60-cycle  power  plants,  we  are  con- 
fronted with  an  additional  difficulty,  viz.,  the  difficulty  of  trans- 
forming from  60  to  25  cycles;  which  must  be  done  by  motor- 
generator  sets.  Therefore,  in  this  case  Mr.  Alexanderson's  inven- 
tion can  be  dispensed  with. 

The  question  of  power  factor  is  one  of  great  importance,  and 
I  agree  with  Mr.  Eglin  that  it  is  desirable  that  every  one  of  us 
should  give  it  a  little  more  attention;  but  by  giving  it  a  little 
more  attention  we  do  not  raise  the  power  factor. 

The  peculiar  conditions  of  railway  operation,  the  peculiar 
nature  of  the  single-phase  railway  system,  combine  to  make  the 
power-factor  problem  a  very  formidable  one,  with  a  low  load 
factor,  if  a  power  plant  is  devoted  exclusively  to  the  generation  of 
single-phase  electric  currents. 

These  are  difficulties  which  a  year  or  so  ago  made  me  remark, 
that,  when  Mr.  Wynne  discussed  the  electrification  of  the  Norfolk 
&  Western  railway  system,  it  was  the  *' least  unsatisfactory  solu- 
tion'* of  an  intensely  difficult  problem  for  which  remark  my  friend, 
Prof.  Scott,  took  me  to  task  and  was  very  hard  on  me.  I  am 
afraid,  however,  my  statement  must  stand,  since,  unless  we  realize 
that  we  are  solving  these  problems  temporarily  in  the  least  un- 
satisfactory manner,  solutions  good  enough  to  hold  their  own  but 
no  better,  we  shall  not  advance. 

D.  W.  Roper:  I  disagree  with  Messrs.  Oilman  and  Fortescue, 
as  to  the  latter  part  of  their  conclusions,  which  favors  steam- 
driven  single-phase  generators. 

To  take  the  case  in  Philadelphia,  for  example,  where  they  have 
a  load  of  say  25,000  kv-a.,  and  with  the  figures  given  by  the  pre- 
vious speaker,  it  would  require  at  least  two  single-phase  genera- 
tors to  carry  that  load. 

The  exigencies  of  central  station  operation  require  that  some 
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reserve  should  be  kept  for  the  generating  apparatus,  and  that 
would  mean  the  installation  of  three  machines,  any  two  of  which 
may  carry  the  load. 

I  think  central  station  men  will  also  agree  that  idle  generating 
capacity  on  the  peak  of  the  load  is  undesirable. 

It  would  therefore  appear  that  if  the  short-circuit  conditions 
are  of  any  serious  moment  in  determining  the  design  of  your 
plant,  that  those  conditions  should  be  met  by  reactors,  or  other 
similar  protective  devices,  rather  than  by  any  scheme  which 
contemplates  idle  generating  capacity  on  the  peak  of  the  load. 

G.  H.  Hill:  The  first  generated  current  ever  produced  was  a 
single-phase  current,  and  it  seems  curious  that  at  this  time  there 
is  need  of  such  a  considerable  amount  of  discussion,  to  make  clear 
how  that  first  single-phase  current  can  best  be  produced  for  use 
commercially.  I  would  like  to  emphasize  the  fact  that  this  prob- 
lem is  a  general  one.  We  cannot  confine  ourselves  to  particular 
applications. 

Mr.  Torchio's  solution  none  of  us  will  criticise,  because  he  has 
met  his  conditions  in  the  way  that  fits  the  situations  best;  he  has 
by  inheritance  a  complex  system,  25-cycle  and  60-cycle,  three- 
phase  and  single-phase,  all  of  which  had  to  be  taken  care  of,  but 
I  feel  sure  that  he  would  not  duplicate  his  entire  system  if  he  had 
it  to  do  over  today.  I  think  we  must  keep  in  mind  the  ideal  in 
discussing  this  problem  and  make  sure  that  we  establish  a  reliable 
guide  for  industrial  development. 

I  belive  there  is  not  much  doubt  in  the  minds  of  those  who  are 
acquainted  with  the  situation  over  the  whole  country  that  the 
question  of  cycles  is  answering  itself. 

In  the  East  where  the  power  plants  are  oldest,  we  have  numer- 
ous excellent  25-cycle  systems,  but  in  the  West,  which  is  the 
stronghold  of  transmission  and  water-power  developments,  60 
cycles  is  almost  universal  and  you  cannot  convince  our  western 
friends  that  there  can  be  anything  but  60  cycles  as  the  standard 
frequency.  From  the  experience  along  this  line  an  illustration 
may  be  drawn  of  the  fallacy  of  trying  to  make  compromises. 

The  old  question  as  to  what  frequency  should  be  used  generally 
led  a  number  of  engineers  to  the  opinion  that  a  compromise  on 
40  cycles  would  be  about  right  but  no  attempt  was  made  to 
establish  40-cycle  apparatus  as  standard.  Failure  to  do  so  was 
inevitable  because  the  compromise  was  not  the  best  frequency 
for  either  lighting  or  power.  The  net  result  is  a  local  section 
handicapped  with  a  frequency  that  requires  special  apparatus. 

The  same  idea  applies  to  a  large  extent  to  the  question  we 
have  here.  Single-phase  power  is  perfectly  easy,  in  an  engineer- 
ing sense,  to  produce  in  a  number  of  ways. 

It  can  be  a  separate  system,  single-phase  generators  and  trans- 
mission system  independent  of  the  other  power  system;  but  this 
does  not  meet  the  ideal  conditions  at  all.  We  cannot  advocate 
such  duplication  and  separation  of  power  loads  as  a  solution  of 
anything  except  perhaps  some  local  situation. 
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You  can  produce  single-phase  power  from  polyphase  genera- 
tors by  adapting  these  generators  so  that  they  will  deliver  an 
unbalanced  load  without  overheating,  and  without  seriously 
affecting  the  value  of  the  polyphase  power,  but  the  result  is  a 
compromise  which  is  not  a  solution  because  it  will  not  be  accept- 
able as  best  for  either  polyphase  or  single  phase. 

The  effect  of  unbalancing  a  polyphase  system  is  bound  to  be 
bad  in  one  way  or  another  and  even  if  you  attempt  to  balance 
the  single-phase  loads  among  the  phases  as  pointed  out  by  a 
nimiber  of  speakers,  the  asynchronous  application  of  these  loads 
is  bound  to  occur  and  there  must  be  a  regulating  device  to  correct 
the  resulting  unbalancing.  Such  an  arrangement  is  a  poor  com- 
promise because  it  handicaps  the  polyphase  in  first  cost  and 
complication,  and  restricts  the  use  and  convenience  of  the  single 
phase.  It  would  be  a  handicap  in  the  development  of  the  art 
because  you  could  not  be  free  to  choose  the  most  economical 
system.  It  does  not  lend  itself  to  either  old  systems  or  exten- 
sions of  systems  in  a  way  that  we  ought  to  set  down  as  an  ideal. 

What  we  want  is  a  means  for  producing  single  phase,  retain- 
ing the  standard  and  best  form  of  generator  and  transmission, 
without  duplication,  without  segregation  of  load,  without  rais- 
ing the  cost  and  without  affecting  the  value  of,  the  polyphase 
system  for  any  purpose  for  which  it  is  useful.  Such  a  means  is 
now  suggested  and  the  conclusion  seems  inevitable  that  it  is 
the  ideal,  and  one  toward  which  we  should  look  for  the  solution 
of  the  problem. 

If  there  is  involved  a  change  in  frequency  it  is  necessary  to 
use  a  motor  generator.  If  the  motor-generator  sets  are  not 
perfect  (as  one  speaker  implies)  they  are  certainly  very  practical 
and  very  successful  and  we  do  not  know  of  any  other  way  to 
change  frequency  than  by  two  rotors,  that  is,  in  a  commercial 
way  for  power  purposes.  I  know  no  reason  why  motor  generators 
should  not  be  used  to  produce  single-phase  current  of  a  low 
frequency- from  a  polyphase  system  of  a  higher  frequency. 

While  single-phase  railways  demand  low  frequency  there  will 
be  a  considerable  amount  of  use  of  single-phase  current  of 
60  cycles,  for  furnace  work  and  heating  work,  especially  in  the 
West.  For  this,  60  cycles  is  absolutely  satisfactory  and  a  phase 
converter  will  supply  the  single-phase  demand  from  a  60-cycle 
three-phase  system,  without  unbalancing  or  affecting  it  adversely 
in  any  way. 

Moreover  it  is  particularly  fortunate  that  we  are  able  to  take 
a  single-phase  load  from  a  three-phase  system  in  the  way  partic- 
ularly suited  to  the  character  of  the  single-phase  load. 

If  it  is  possible  to  approximately  balance  the  single-phase 
load  on  the  three-phase  system  and  most  convenient  to  use 
the  transmission  system  as  a  bus  line,  then  the  shunt  converter 
can  be  used  to  correct  the  unbalancing  in  the  loads,  so  that  the 
three-phase  supply  is  not  affected. 

The  series  converter  is  particularly  adapted  to  take  three- 
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phase  power  as  an  absolutely  balanced  load  and  supply  a  large 
single-phase  load,  where  it  is  sufficiently  great  to  warrant  a 
special  substation. 

I  cannot  sympathize  very  much  with  the  point  of  view  that 
has  been  brought  out,  that  there  are  a  great  many  complicated 
reactions  in  this  converter.  I  know  that  every  polyphase  cir- 
cuit is  awfully  busy.  If  we  try  to  follow  out  all  the  reactions, 
phase  displacements  and  frequency  distortions  that  are  going  on, 
the  matter  is  very  complex. 

But  I  know  that  the  converter  accomplishes  all  these  things, 
does  keep  in  phase,  does  give  the  regulation  desired,  does  draw 
balanced  polyphase  load,  and  does  deliver  single-phase  load  of 
good  regulation.  This  has  been  pretty  well  demonstrated  and 
I  think  that  the  manufacturing  companies  will  be  prepared  to 
supply  such  apparatus  under  proper  guarantees  of  successful 
operation  to  those  that  require  it. 

The  phase  converter  is  practical,  flexible  and  efficient,  and 
considering  the  needs  of  the  whole  system  and  the  future  develop- 
ment, I  cannot  see  why  it  should  not  be  accepted  as  the  ideal 
solution  of  the  problem. 

Philip  Torchio:  I  am  very  glad  to  hear  of  the  completely  suc- 
cessful operation  of  these  balancers  in  the  Philadelphia  station. 
Personally  I  feel  very  much  gratified  that  we  can  dispose  of  such 
apparatus  in  our  requirements. 

In  discussing  this  matter,  Mr.  Hill  has  just  now  emphasized 
to  some  extent  that  there  are  two  problems  to  take  care  of; 
one  is  the  60-cycle  distribution  and  one  is  the  25-cycle  railway 
load.    They  are  entirely  different  services. 

The  single-phase  loads  from  a  60-cycle  system,  used  for  welding 
machines,  furnaces  and  services  of  that  character,  if  they  can- 
not absolutely  be  balanced  among  themselves,  will  necessarily 
require  some  balancer,  such  as  Mr.  Alexanderson  has  developed 
because  the  upsetting  of  the  voltage  balancing  on  the  distribution 
system  would  be  too  severe  to  be  tolerable. 

I  have  no  hesitation  in  advocating  such  a  piece  of  apparatus 
in  a  60-cycle  system  which  must  carry  unbalanced  single-phase 
loads.  The  arrangement  is  ideal.  There  is  no  question  about 
that ;  I  do  not  want  to  be  understood  that  I  take  any  exception 
to  it. 

My  point  is  that,  whenever  a  company  operating  a  25-cycle 
system  has  to  supply  single-phase  railway  loads,  such  company 
should  for  new  equipment  install  generators  having  the  single- 
phase  characteristics.  In  our  special  New  York  conditions  we 
had  an  additional  object  in  selecting  the  plan  described  in  my 
paper — that  was  to  be  able  to  operate  in  parallel  with  the  other 
station  of  the  railroad  company,  because,  by  running  all  the 
railroad  system  in  parallel,  we  secured  that  very  object  which 
Mr.  Eglin  emphasized  in  his  paper  as  derived  by  the  diversity 
factor  of  the  peak  loads  of  an  amplified  system,  evening  up  the 
resultant  combined  load.    Railway  loads  are  just  of  the  character 
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to  require  combining,  and  our  perfect  parallel  operation  and 
sharing  of  peaks  with  our  customer's  station  has  undoubtedly 
contributed  to  the  satisfactory  result  of  our  service  to  the  New 
Haven  Company. 

Coming  to  the  economic  features  of  our  solution,  involving 
generators  with  single-phase  characteristics  compared  with  an 
installation  with  balancers,  if  Mr.  Doherty  means  that  we  are 
running  at  123  per  cent  loss,  compared  with  85  with  the  balancers, 
I  take  issue  with  such  a  statement.  I  would  only  state  that  it  is 
not  a  fact.    It  is  very  far  from  the  fact. 

There  cannot  be  45  per  cent  greater  loss  in  our  system  than 
with  the  balancer.  I  believe  that  our  losses  are  not  any  greater, 
and  I  believe  that  they  are  less,  that  our  efficiency  is  better. 
We  have  a  turbine  specially  designed  and  equipped  with  an 
additional  set  of  nozzles  controlled  by  a  hand  operated  valve 
to  give  high  economy  at  low  loads. 

That  machine,  without  the  special  valve,  would  operate  at 
higher  average  loads  with  practically  the  same  efficiency  as  a 
standard  machine  operating  at  its  most  economical  point. 
But  in  our  actual  operation  we  have  something  in  the  order  of 
a  fraction  of  a  pound  of  steam  per  kw-hr.  more  consumption 
than  we  would  have,  operating  at  the  most  economical  point; 
but  that  is  all  the  difference,  and  that  could  not  account  for  the 
difference  between  85  and  123. 

As  far  as  the  extra  cost  of  this  special  machine  is  concerned, 
in  comparison  with  a  balancer  installation,  I  do  not  like  to  see 
the  comparison  between  65  and  96.  I  don't  know  what  is 
compared  there. 

If  it  is  meant  to  say  that  our  cost  is  in  the  relation  of  96  to 
65,  I  will  say  that  the  actual  figure  of  extra  costs  of  the  single- 
phase  generators,  as  estimated  by  the  manufactiu'ers,  were 
$16,000  a  machine,  or  $32,000  total;  that  was  all  the  extra  cost 
we  paid,  and  we  have  been  doing  a  satisfactory  business  for 
ourselves,  and  giving  entirely  satisfactory  service  to  Xht  customer. 

As  I  stated,  we  discussed  the  balancer  at  the  time,  but  then 
the  balancer  was  not  developed  and  was  not  ready  to  use. 

If  Mr.  Alexanderson's  balancer  proves,  and,  as  I  have  said 
before,  I  am  happy  to  hear  that  it  has  proved,  satisfactory, 
all  we  have  to  do  is  to  spend  that  money  buying  the  balancer 
and  then  we  are  better  off  than  we  were  before;  we  utilize  in 
its  entirety  all  of  our  equipment;  we  have  not  lost  one,  cent  in 
any  other  respect  except  that  we  have  paid  the  $16,000  extra 
per  machine,  and  in  the  meantime  we  have  had  two  years* 
service  before  the  development  happened. 

In  concluding,  I  woiild  say  that  even  this  trivial  extra  cost 
of  installing  machines  with  single-phase  characteristic  would  not 
be  a  loss;  I  don't  know  what  the  5000-kw.  balancer  costs; 
probably  we  would  need  a  larger  machine  for  oiu*  load;  the  cost 
of  one  balancer  would  certainly  be  in  the  order  of  the  $32,000 
that  we  paid  extra  for  our  generators;   if  we  did  not  have  the 
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single-phase  characteristic  machines,  we  would  have  had  to 
buy  at  least  two  balancers,  one  for  spare,  whereas  now  one  would 
be  sufficient,  because  if  it  breaks  down,  our  generators  would 
carry  the  single-phase  load,  as  they  do  now. 

The  saving  that  we  make  of  an  extra  balancer,  I  think,  must 
at  least  balance  the  extra  cost  we  paid  for  the  generators,  and 
so  we  come  out  even. 

To  come  back  to  my  original  proposition — and  I  am  not 
talking  derogatory  to  the  balancer  system  in  any  way — but 
I  really  believe  that  central  stations  distributing  commercial 
loads  should  put  in  generators  capable  of  taking  care  of  poor 
power  factors,  and  unbalanced  or  single-phase  loads. 

I  think  it  is  a  wise  investment;  it  makes  better  and  more 
durable  machines,  it  enables  the  station  to  do  a  lot  of  things 
on  emergency,  and  I  think  it  is  not  going  to  be  very  costly. 

R.  E.  Doherty:  The  comparison  of  loss  of  85,  in  the  case  of 
the  series  converter,  against  123  in  the  case  of  the  single-phase 
turbo-generator,  was  this : 

The  phase  converter  is  capable  of  delivering  5000  kw.  contin- 
uously and  12,000  kw.  for  five  minutes. 

A  single-phase  turbo-generator,  to  deliver  the  same  load, 
would  have  losses  of  123  instead  of  85. 

The  figure  85  represents  the  losses  of  the  series  converter,  the 
one  machine  by  itself  operating  at  5000  kw.,  123  represents 
the  losses  in  the  singte-phase  turbo-generator  when  it  is  delivering 
5000-kw.  single  phase,  a  ratio  of  123  to  85. 

The  difference  between  85  and  100  represents  the  losses  in 
the  auxiliary  machine,  which  is  known  as  the  voltage  balancer. 

H.'G.  Reist:  To  be  fair,  should  you  not  include  the  general 
lorses? 

C.  A.  Adams:  The  three-phase  generator  losses  in  the  machine 
that  supplies  the  series  converter? 

H.  G.  Reist:     Yes,  exactly. 

R.  E.  Doherty:  These  figures  are  not  intended  to  be  a  com- 
parison of  the  losses  from  the  steam  to  the  single-phase  load. 
It  is  intended  only  to  give  the  losses  in  a  single-phase  turbo- 
generator when  it  is  delivering  the  same  load  as  a  series  converter, 

H.  G.  Reist:  Yes,  but  the  series  converter  first  goes  through 
the  generator,  and  has  separate  losses. 

R.  E.  Doherty:     Yes,  indeed. 

W.  C.  L.  Eglin:  I  think  Mr.  Torchio  has  brought  out  very 
clearly  his  presentation  of  what  the  great  future  for  all  of  that 
work  is,  i.e.  in  the  future  extensions,  the  enormous  growth  of 
power-house  apparatus.  The  dollar  saved  in  the  generators 
is  in  a  constantly  increasing  amount,  that  is,  it  will  not  be  neces- 
sary in  the  future  to  equip  all  the  generators  with  dampers, 
etc. 

It  is  not  only  the  added  cost  of  the  increased  size  of  the  genera- 
tor, but  there  is  positively  a  reduction  in  the  efficiency;  that  is, 
the  machine  is  not  as  efficient  as  if  it  was  made  without  dampers. 
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Peter  Jtmkersfeld:  I  wotdd  like  to  add  a  comment  on  this 
matter  of  power  factor.  I  am  referring  now,  not  to  these  few 
large  systems  that  have  single-phase  railway  loads,  but  to  the 
very  much  greater  number  of  central  stations  over  the  country. 
I  want  to  make  sure  that  the  proper  place  for  synchronous 
condensors  is  not  misunderstood. 

There  are  a  great  many  systems  over  the  country  where  the 
peak  comes  at  night,  when  the  lighting  is  almost  the  entire  load, 
and  when  the  power  factor  is  of  the  order  of  95  or  100  per  cent. 
They  may  have  a  day  load  whose  power  factor  is  as  low  as  60 
or  70  per  cent,  but  the  volt-ampere  day  load  may  be  less  than  at 
night  when  the  power  factor  is  high;  therefore  in  those  cases 
the  limiting  feature  of  the  size  of  copper  in  the  distribution 
system  is  created  by  the  night  load  and  not  by  the  day  load. 
In  such  a  case  the  synchronous  condenser  has  not  yet  found  its 
place,  but  the  day  load  is  growing  at  a  very  much  greater  ratio 
than  the  night  load  and  it  is  only  a  question  of  time  when  these 
companies  will  find  a  place  for  the  synchronous  condenser. 

C.  F.  Scott:  One  of  my  points  was  that  the  best  place  to 
provide  for  power  factor  and  single-phase  generation,  is  in  the 
generator  itself,  being  the  simplest  and  often  the  cheapest  way; 
that  the  applications  to  be  made  here  are  those  that  apply  to  the 
largest  power  plants  where  we  are  reaching  the  limits  of  size, 
and  where  the  size  of  the  auxiliary  apparatus  is  itself  very  large, 
but  that  these  considerations  might  not  apply  at  all  to  smaller 
plants. 

In  the  matter  of  synchronous  condensers  for  correction,  I 
think  the  point  brought  out  by  Mr.  Stmimerhayes  illustrates 
that  it  is  not  universally  applicable.  Specific  cases  must  be 
considered  carefully. 

H.  C.  Albright:  I  understood  Mr.  Torchio  to  say  that  with 
his  three-phase  generators  especially  built  for  single-phase  loads, 
carrying  heavy  loads,*  the  voltages  varied  as  much  as  12,200, 
11,000  and  13,900  on  the  various  phases. 

I  would  like  to  ask  him  whether  this  voltage  distortion  is  not 
a  serious  handicap,  and  an  objection  for  generation  in  that 
manner,  over  the  phase  balancers? 

Philip  Torchio:  If  I  understand  the  question,  it  applies  to 
the  joint  system  of  the  New  Haven  and  oiu*  system:  They  are 
operated  on  single  phase  purely,  and  will  not  affect  any  other 
customers  at  the  present  time,  and  therefore  the  question  of  a 
balancer,  I  could  not  answer. 

E.  F.  W.  Alexanderson:  I  do  not  know  whether  I  can  answer 
that  question.    Of  course  it  belongs  to  the  New  Haven  system. 

Philip  Torchio:  The  question  of  balancing;  if  the  balancer 
was  used,  there  wotdd  not  be  any  unbalanced  voltage. 

E.  F.  W.  Alexanderson:    Yes. 

Philip  Torchio:     The  answer  is  there. 

E.  F.  W.  Alexanderson:    Mr.  Fortescue  and  Mr.  Oilman,  in 
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their  paper,  brought  out  some  very  appropriate  questions  in 
regard  to  the  possibility  of  short  circuits,  etc. 

Those  problems  were  real  problems.  Since  Mr.  Eglin  has 
expressed  his  satisfaction  in  the  way  those  problems  have  been 
solved,  we  have  already  the  answer  to  them. 

C.  L.  Fortescue:  The  questions  raised  in  connection  with 
the  regulation  of  the  phase  balancer  are  real  problems  that  have 
to  be  met  in  the  phase  balancer.  They  are  not  raised  for  the 
sake  of  controversy. 

I  think  there  is  a  big  future  for  the  phase  converter,  but  I 
also  think  that  in  certain  cases  heavy  single-phase  loads  can  be 
better  handled  separately,  than  from  a  polyphase  system, 
especially  when  the  load  is  very  large,  and  particularly  if  in 
order  to  handle  the  load  the  power  company  has  to  piu-chase  new 
material. 

I  think  that  the  statement,  that  a  single-phase  machine  is  not 
so  good  a  machine  as  a  polyphase  because  it  has  dampers,  is 
not  correct. 

I  think  that  the  correct  statement  is,  that  a  single-phase  machine 
is  a  superior  type  of  polyphase  machine  because  it  has  dampers. 

The  dampers  in  the  machine  enable  it  to  carry  quite  a  consider- 
able amoimt  of  unbalanced  load  without  undue  heating  while 
with  a  balanced  load  they  have  no  effect  on  the  eflSciency  of 
the  machine.  The  small  amount  of  loss  in  space  due  to  the 
damper,  I  think  is  very  well  met  by  the  improvement  due  to 
its  ability  to  handle  unbalanced  loads. 

Philip  Torchio:  When  the  machine  is  running  three-phase 
balanced,  is  the  efficiency  of  the  unit  lower  than  a  machine 
without  dampers? 

C.  L,  Fortescue:  When  operating  as  a  balanced  polyphase 
machine  at  the  same  load  as  the  same  machine  without  dampers, 
the  effciency  of  both  would  be  the  same.  The  dampers  are 
inert  under  this  condition. 

Philip  Torchio:     How  much? 

C,  L.  Fortescue:  Mr.  Eglin  says  that  the  balancer  is  assisted 
in  handling  unbalanced  loads  by  the  synchronous  machinery 
on  a  system. 

When  the  balancer  is  operating  this  is  not  true,  except  in 
so  far  as  synchronous  machinery  improves  the  power  factor 
of  the  unbalanced  load;  otherwise,  the  only  way  in  which  the 
synchronous  machinery  on  the  system  can  help  to  balance  the 
single-phase  load  is  by  the  actual  distortion  produced  thereby. 

In  other  words,  the  distortion  is  inversely  proportional  to  the 
admittance  of  the  system  to  the  balancing  or  counterphase 
rotational  current  in  the  circuit. 

C.  A.  Adams:  Insofar  as  the  balancer  can  not  perfectly  balance, 
other  apparatus  would  assist? 

C.  L.  Fortescue:  Of  course,  if  the  balancer  is  not  doing  its 
work  perfectly,  the  rest  of  the  apparatus  will  help  it  out. 

I  think  a  great  number  of  the  comments  made  by  the  various 
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speakers  on  single-phase  machines  have  been  due  to  considering 
particiilar  cases. 

If  consideration  is  given  to  the  fact  that  large  railway  electri- 
fications demand  large  amounts  of  single-phase  power,  it  begins 
to  be  evident  that  the  relative  amoimt  of  single-phase  power 
as  compared  with  polyphase  may  be  so  large,  that  new  apparatus 
is  required  and  therefore  it  seems  to  me  that  careful  consideration 
should  be  given  to  the  merits  of  separate  single-phase  generation. 

If  the  peak  loads  of  the  single-phase  system  do  not  occur  at 
the  same  time  as  the  peak  loads  on  the  polyphase  system,  it 
is  possible  to  combine  the  two  systems,  so  that,  the  single-phase 
generators  can  be  used  as  polyphase  generators  at  the  time  of  the 
high  demand  on  the  polyphase  system. 

Without  reflecting  on  the  balancer  phase  converter,  I  wish 
to  bring  out  the  principal  point  that  should  be  considered  in 
its  development. 

If  the  load  is  constantly  changing  from  one  phase  to  the  other, 
which  is  quite  liable  to  occur — ^for  example  if  two  single-phase 
railway  loads  are  being  supplied,  the  load  is  variable  and  high 
sudden  peaks  occur — the  peak  on  one  phase  may  occur  at  an 
instant  when  the  other  phase  is  changing  suddenly  from  peak 
value  to  very  little  load.  The  changes  in  these  peaks  are  very 
rapid,  and  the  regulating  part  of  the  balancer  has  to  take  account 
of  the  peaks  very  quickly. 

It  can  readily  be  seen  that  a  condition  may  occur  where  a 
balancer  is  at  the  maximum  regulating  condition  for  the  peak 
on  one  phase  and  at  the  same  time  as  that  load  is  suddenly 
lost,  the  load  on  the  other  phase  comes  on,  in  which  case  the 
balancer  may  produce  a  greater  unbalance  for  the  instant  than 
if  it  was  not  there. 

In  other  words,  it  is  important  to  have  the  regulating  apparatus 
very  sensitive,  and  very  quick  acting. 

As  to  the  question  of  the  operation  of  the  present  balancer, 
it  must  be  remembered  that  it  is  operating  to  balance  a  single- 
phase  load  on  one  phase  only. 

The  question  is,  how  will  it  operate  when  it  has  to  balance  a 
variable  single-phase  load  on  two  phases,  such  as  will  occur 
when  the  Chestnut  Hill  electrification  goes  into  effect — will  it 
be  able  to  follow  the  sudden  changes  of  load  from  one  phase  to 
the  other?  Is  it  possible  to  make  a  regulator  sufficiently  sensi- 
tive to  give  perfect  satisfaction? 

Mr.  Behrend  makes  the  statement  that  it  is  absolutely  impos- 
sible to  build  a  single-phase  two-pole  turbo-generator  above  a 
certain  capacity.  I  think  he  must  have  meant,  that  at  the  present 
time  there  was  no  known  way  of  building  such  a  machine. 
I  remember  talking  to  a  man  who  said  that  at  one  time  a  number 
of  years  ago  he  required  a  lOO-kw.  transformer,  and  submitted 
the  problem  to  the  engineers  of  two  manufacturing  companies. 
The  engineer  of  one  of  the  manufacturing  companies  said  he 
believed  it  was  absolutely  impossible  to  build  a  transformer  of 
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such  a  size,  the  heating  could  not  be  dissipated  and  the  reactance 
would  be  so  high  that  it  would  be  impossible  to  get  good  regula- 
tion, but  the  other  manufacturer  said  he  would  be  willing  to 
try  it  out,  but  the  purchaser  would  have  to  assume  the  risk. 
The  purchaser  was  a  good  enough  sportsman  to  take  the  risk 
and  the  transformer  was  built.  Now  we  are  building  10,000-kw. 
units,  so  that  what  it  seems  impossible  to  do  today,  may  in  a 
few  years  be  quite  practicable. 

R.  E.  Gilman:  In  respect  to  the  relative  size  and  cost  of 
turbo-generators,  the  limitation  of  the  turbo-generator,  especially 
the  two-pole  machine,  is  largely  a  question  of  field  design. 
Take,  for  example,  a  25,000-kw.  lOO-per  cent  power  factor, 
single-phase  generator,  two-pole,  it  would  be  built  on  exactly 
the  same  frame  as  a  14,000-kv-a.,  70-per  cent  power  factor, 
single-phase  machine;  and  if  the  same  frame  were  used  for  a 
polyphase  generator  at  70-per  cent  power  factor  the  approxi- 
mate output  would  be  17,500  kv-a. 

As  to  the  relative  cost  and  performance  of  the  machine  with 
or  without  dampers,  the  efficiency  for  the  same  machine  operated 
as  a  polyphase  machine,  at  the  same  power  factor,  is  the  same. 
The  cost  would  be  increased  due  to  the  damper,  possibly  5  to 
8  per  cent. 

In  comparing  cost  of  single-phase  equipment  against  poly- 
phase generators  or  phase  balancers  we  must  bear  in  mind  that 
the  single-phase  turbo-generator  is  a  part  of  the  main  generating 
equipment  and  that  the  shunt  or  series  converter  is  an  addition. 
These  same  remarks  hold  in  comparing  the  efficiency  of  the  two 
systems. 
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THE  EFFECT  OF  RECENT  DECISIONS  ON  THE  WORK 
OF  INVENTORY  AND  APPRAISAL 


BY    PHILANDER    BETTS 


Abstract  of  Paper 

In  order  that  our  inventories  and  appraisals  shall  be  useful 
in  determining  all  of  the  appropriate  elements  of  value,  they 
must  be  classined  as  to  age,  condition,  use,  and  extent  of  use  in 
each  class  of  service. 


r\URING  the  past  few  years  there  has  been  much  discussion 
*--^  on  the  proper  basis  for  rates.  This  discussion  has  been 
quite  confusing  at  times  because  of  the  entrance  into  it  of  those 
who  were  not  familiar  with  all  sides  of  the  question.  That  is, 
engineers  not  familiar  with  the  existing  legal  decisions  have 
argued  pro  and  con  on  the  subjects  of  valuation  and  deprecia- 
tion, and  lawyers  not  familiar  with  development  cost  have  based 
their  arguments  entirely  on  the  decisions  of  the  Courts. 

If  we  are  to  have  proper  respect  for  our  Courts,  we  must  abide 
by  their  decisions  and,  if  not  satisfied,  we  must  familiarize  our- 
selves with  all  of  the  conditions  leading  to  the  Courts*  decisions. 
Probably  the  earliest  cases  which  begin  the  history  of  decisions 
concerning  valuation  are  those  of  the  Brunswick  and  Waterville, 
Maine,  cases.  We  must  bear  in  mind,  however,  that  those  were 
cases  in  which  negotiations  were  in  progress  looking  to  the  sale 
by  water  companies  of  their  properties  to  the  municipalities. 
In  those  cases  the  franchise  rights  had  either  expired  or  the 
municipalities  had  the  right  to  take  over  the  properties  as  well 
as  the  franchises,  and  thereafter  operate  them.  In  ^'purchase 
and  sale**  cases,  clearly  the  matter  to  be  determined  is  the  value 
of  the  property,  all  things  considered,  including  * 'going  concern" 
values  if  any  exist.  After  a  study  of  many  of  the  great  rate 
cases,  the  writer  has  come  to  the  conclusion  that  the  confusion 
of  mind  has  come  from  the  fact  that  the  early  decisions  were 
based  upon  *' purchase  and  sale**  cases  and  did  not  primarily 
have  anything  to  do  with  cost  in  its  broad  sense. 
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Value  not  Cost 
If  we  are,  however,  to  do  our  work  in  conformity  with  the 
Courts'  decisions,  we  must  take  as  our  primary  basis  for  the 
consideration  of  rates,  the  value  of  the  property  and  not  neces- 
sarily the  cost.  Justice  Harlan  was  wiser  than  he  knew  when, 
in  the  famous  case  of  Smyth  v.  Ames,  he  said  as  follows: 

We  hold»  however,  that  the  basis  of  all  calculations  as  to  the  reason- 
ableness of  rates  ♦  ♦  *  ♦  •  must  be  the  fair  value  of  the  property 
beine  used  by  it  for  the  convenience  of  the  public.  And  in  order  to  ascer- 
tain that  value,  the  original  cost  of  construction,  the  amount  expended 
in  permanent  improvements,  the  amount  and  market  value  of  its  bonds 
and  stock,  the  present  as  compared  with  the  original  cost  of  construction, 
the  probable  earning  capacity  of  the  property  under  particular  rates 
prescribed  by  statute  and  the  sum  required  to  meet  operating  expenses, 
are  all  matters  for  consideration  and  are  to  be  given  such  weight  as  may 
be  just  and  right  in  each  case.  We  do  not  say  there  may  not  be  other  mat- 
ters to  be  regarded  in  estimating  the  value  of  the  property.  What  the 
company  is  entitled  to  ask  is  a  fair  return  upon  the  value  of  that  which 
it  employs  for  the  public  convenience.  On  the  other  hand,  what  the 
public  is  entitled  to  demand  is  that  no  more  be  exacted  from  it     *     *     * 

*     *     than  the  services  rendered  by  it  are  reasonably  worth." 

Reproduction  Value  v.  Original  Value 
The  general  trend  of  recent  decisions  has  been  to  make  re- 
production cost  the  sole  or  controlling  basis  of  value  for  rate 
purposes.  Some  Courts  plainly  state  that,  in  their  opinion, 
actual  cost,  capitalization  and  other  factors  are  to  be  considered 
only  to  the  extent  that  they  may  throw  light  on  the  cost  of 
reproduction  or  existing  depreciation.  In  support  of  this  prin- 
ciple, the  opinions  of  the  Supreme  Court  of  the  United  States, 
indicate  that  it  is  the  '^present  value"  of  the  property  that  is 
to  be  determined;  thus,  in  Smyth  v.  Ames,  reference  is  made 
to  "the  fair  value  of  the  property  being  used  ***** 
for  the  convenience  of  the  public";  in  San  Diego  Land  and 
Town  Company  v.  National  City,  it  is  ''present  value";  in  the 
same  case,  on  appeal  to  the  Supreme  Court,  Justice  Harlan 
refers  to  "reasonable  value  of  the  property  at  the  time  it  is 
being  used  for  the  public";  this  is  quoted  as  settled  law  by 
Justice  Holmes  in  1903,  and  by  Justice  Peckham  in  1909  in 
Wilcox  V.  Consolidated  Gas  Company.  It  is  argued  that  this 
constant  use  of  the  present  tense  by  the  Supreme  Court  in  re- 
ferring to  fair  value  for  rate  purposes  must  at  once  exclude 
actual  cost  or  original  cost  from  having  any  controlling  influence 
in  the  determination  of  fair  value.     Under  this  interpretation 
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present  value  must  be  based  either  on  market  value  or  reproduc- 
tion cost,  and  as  market  value  is  not  usually  considered  a  fair 
or  possible  standard  for  rate  purposes,  reproduction  cost  is 
turned  to  as  the  only  available  standard.  This  line  of  argument 
would  be  more  convincing  were  it  not  for  the  fact  that  in  the 
leading  case  of  Smyth  v.  Ames  in  which  the  present  value  prin- 
ciple is  laid  down,  it  is  also  distinctly  stated  that  both  original 
cost  and  reproduction  cost  shall  be  considered  in  determining 
a  fair  present  value,  and  it  is  no  indication  that  either  of  these 
factors  should  be  given  a  controlling  influence.  This  cannot  be 
accepted  as  the  settled  rule  of  law  as  the  whole  subject  of  valua- 
tion is  still  in  a  developmental  stage.  The  Supreme  Court  of 
the  United  States  has  wisely  refrained  from  laying  down  a  hard 
and  fast  rule  which  might  have  to  be  reversed  when  all  of  the 
factors  of  the  problem  shall  have  been  more  clearly  discussed. 

Value  New  v.  Depreciated  Value 
In  the  so-called  Idaho  case,  it  has  been  determined  by  the 
Court  that  the  value  new  of  the  property  is  the  proper  basis 
for  computation  of  rates  rather  than  a  "present  value*'  obtained 
by  deducting  the  full  estimated  depreciation.  This  decision 
follows  a  ntmfiber  of  commission  decisions  along  the  same  general 
line  and  is  best  expressed  in  the  words  of  the  St.  Louis  Public 
Service  Commission  in  the  case  of  the  Union  Electric  Light  and 
Power  Company  of  St.  Louis,  decided  in  1911,  "In  depreciating, 
to  arrive  at  the  present  value,  the  Commission  does  not  consider 
it  fair  to  make  deductions  for  anything  but  the  present  physical 
condition  and  for  items  where  it  is  plainly  apparent  that  the 
property  has  become  obsolete  and  inadequate." 

Property  Used  and  Usepv*. 
From  the  earliest  cases  down  to  the  present  time,  the  Courts 
have  been  unanimous  in  the  determination  that  the  basis  for 
rates  must  be  the  value  of  the  "property  used  and  useful**  and 
have  not  been  very  definite  in  further  defining  these  terms. 
The  Commissions  have,  however,  in  a  number  of  cases,  after 
determining  the  value  of  the  entire  property,  made  deductions 
for  property  considerably  in  excess  of  that  required  for  the 
present  *  customers  or  those  who  might  be  taken  on  in  the  near 

♦San  Diego  Land  &  Town  Co.  v.  National  City. 
Long  Branch  vs.  Tintern  Manor  Water  Co. 
Mantua  vs.  New  Jersey  Gas  Co. 
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future.  This  has  sometimes  occurred,  and  occurred  recently  in 
New  Jersey,  where  companies  have  been  too  optimistic  with 
regard  to  the  development  of  the  territory  and  have  built  plants 
far  in  excess  of  the  actual  needs.  It  also  follows  from  this,  that 
rates  may  not  be  based  upon  an  inadequate  plant  but  that  the 
valuation  to  be  determined  will  be  that  of  a  plant  adequate  in 
all  respects  for  the  customers  now  connected  and  including  a 
reasonable  reserve  for  customers  who  may  be  taken  on  in  the 
near  future,  as  well  as  reserve  to  guard  against  the  ordinary 
break  downs  and  interruptions  in  service. 

Classification  as  to  Use 
The  next  decisions  of  interest  affecting  our  work  of  inventory 
and  appraisal  are  those  of  the  Norfolk  and  Western  Railroad 
Company  v.  Conley,  et  al,  and  the  Northern  Pacific  Railroad  v. 
the  State  of  North  Dakota.  The  effect  of  these  decisions  is  to 
require  different  rates  for  classes  of  service  where  the  costs  are 
greatly  different.  The  basis  for  differential  rates  is  found  in 
one  of  the  earliest  Supreme  Court  decisions  in  which  it  was  held 
that  **what  the  company  was  entitled  to  was  a  fair  return  upon 
the  value  of  that  which  it  devoted  to  the  public  use**  but  the 
Court  went  on  to  say  that  what  the  purchaser  was  entitled  to 
was  "service  at  no  more  than  the  worth  to  him."  This  decision 
practically  confirmed  the  railroads  in  their  existing  practises  of 
having  different  rates  for  different  classes  of  service.  With 
regard  to  electric  lighting  and  power  companies,  it  has  been  cus- 
tomary to  classify  customers  in  accordance  with  their  require- 
ments for  service.  This  classification,  however,  was  based  on  and 
adhered  more  or  less  closely  to  the  cost  for  the  respective  classes 
of  service. 

•  Result 

The  result  of  the  above  mentioned  decisions  is  that  the  in- 
ventories and  the  resulting  appraisals  must  be  classified  in 
accordance  with  the  use  and  the  extent  of  the  use.  So  far  as 
the  engineer  is  primarily  concerned  with  cost,  the  inventory  and 
appraisal  will  arrive  at  the  same  aggregate  in  any  case,  but 
the  engineer  is  further  concerned  with  the  use  and  operation  of 
the  electrical  property  and  it  is  the  duty  of  the  engineer  to  de- 
termine to  what  extent  each  class  of  property  is  required  in  the 
service  of  the  public  and  to  what  extent  it  is  required  for  the 
furnishing  of  the  various  classes  of  service.  In  preparing  our 
inventory,  therefore,  such  classifications  must  be  made  as  will 
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readily  show  the  use  to  which  the  property  is  devoted.  In  the 
determination  of  rates  it  becomes  especially  important  when  it 
is  recognized  that  charges  for  municipal  street  lighting  have 
almost  invariably  been  lower  than  the  proper  proportionate 
costs  for  this  class  of  service,  and  where  a  company  has  been 
reasonably  successful  in  carrying  on  its  business  it  follows  that 
the  rates  charged  for  other  classes  of  service  have  been  too  high 
and  the  recent  Court  decisions*  forbid  the  collecting  from  one 
class  of  customers  any  unreasonable  portion  of  that  which  ought 
to  be  collected  from  other  classes  of  customers,  and  further 
forbids  the  lowering  of  rates  for  reasons  of  public  policy. 

As  to  the  calculations  for  depreciation,  while  the  Idaho  de- 
cision is  to  the  general  effect  that  full  or  theoretical  depreciation 
should  not  be  deducted  in  obtaining  the  fair  value  of  the  prop- 
perty,  it  cannot  be  said  that  this  principle  is  at  all  well  estab- 
lished, and  it  becomes  necessary,  in  our  inventory,  to  determine 
the  accrued  depreciation  of  each  item,  taking  into  account  not 
only  ordinary  wear  and  tear,  but  obsolescence  and  inadequacy 
(which  some  authorities  call  functional  depreciation).  The 
writer  has  long  been  of  the  opinion  that  in  order  to  square  our 
valuations  with  the  Court  decisions,  we  must  (1)  obtain  definite 
appraisals  of  the  existing  physical  property,  (2)  ascertain  the 
full  theoretical  depreciation,  (3)  make  such  deductions  as  are 
necessary  because  of  property  built  unwisely  or  for  anticipated 
increases  in  population  which  have  not  materialized  or  for 
classes  of  service  which  have  not  been  taken  on.  In  other  words, 
our  valuation  must  be  determined  by  using  our  best  present-day 
judgment  as  to  the  amount  and  classes  of  property  required  to 
serve  the  customers  now  connected  and  those  which  may  be  con- 
nected within  a  reasonable  future  period.  This  may  even  in- 
volve an  addition  for  property  not  now  in  place,  but  which  ought 
to  be  in  place  in  order  to  assure  continuity  of  service  with  the 
requirement  that  same  be  installed.  In  addition,  however,  to 
the  value  of  the  physical  property,  the  writer  desires  to  take 
refuge  behind  the  words  of  Justice  Harlan  when  he  says,  "We 
do  not  say  that  there  may  not  be  other  matters  to  be  regarded 
in  estimating  the  value  of  the  property."  It  is  the  writer's  con- 
tention that  in  making  the  appraisal  of  the  physical  property, 
due  allowance  must  be  made  for  overhead  charges.  The  writer's 
opinion  on  this  phase  of  the  matter  has  already  been  expressed 
in  a  written  discussion  which  appeared  at  the  San  Francisco 

•See  Norfolk  &  Western  &  North  Dakota  cases  cited   above. 
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Convention  of  the  Institute  in  1915.  In  addition,  however, 
there  are  allowances  for  various  intangibles  not  properly  in- 
cluded under  the  head  of  overhead  charges.  They  are  (1)  cost 
of  organization  and  obtaining  the  necessary  charters  and  fran-. 
chises,  (2)  deficits  in  operation  in  the  early  history  of  the  project, 
(3)  lack  of  profits  in  the  later  years  and  (4)  the  unearned  de- 
preciation which  has  accrued.  It  is  the  writer's  further  opinion 
that  the  aggregate  of  these  elements  ought  to  bear  some  favor- 
able relation  to  the  total  value  of  the  physical  property,  but  it 
is  the  province  of  the  engineer  to  investigate  and  determine  the 
various  items  referred  to  with  the  exception,  perhaps,  of  items 
concerning  the  cost  of  organization  and  obtaining  the  necessary 
charters  and  franchises.  All  other  elements  in  determining  the 
appraisal  and  valuation  of  a  public  utility  property  and  in  the 
determination  of  the  deficits,  lack  of  profits  or  otherwise,  are 
matters  solely  within  the  province  of  the  engineer. 

The  above  items  should  be  considered  as  xnaking  up  the  **cost 
of  establishing  the  business."  There  has  been  much  contention 
with  reference  to  the  necessity  of  including  ''going  value"  but 
here  again  we  are  confusing  cases  involving  justice  to  the  in- 
vestor with  ''purchase  and  sale'*  cases.  "Going  value"  is  an 
element  to  be  considered  in  "purchase  and  sale"  cases  and  has 
no  pertinency  whatever  in  rate  cases.  The  United  States  Supreme 
Court,  in  its  recent  decision  regarding  the  Des  Moines  gas  rates, 
decided  that  "going  value"  was  to  be  considered  in  these  cases, 
but  based  its  estimates  of  "going  value"  on  those  elements 
which  go  to  make  up  the  "cost  of  establishing  the  business." 
In  the  determination  of  reasonable  or  fair  rates,  full  considera- 
tion must  be  given  to  the  sacrifice  made  by  the  investor.  This 
will  include,  in  addition  to  the  investment  in  the  physical  prop- 
erty, early  losses,  lack  of  profits  and  unearned  depreciation, 
the  aggregate  of  which  should  be  classified  as  the  "cost  of  estab- 
lishing the  business." 

Conclusions 

1.  Property  must  be  inventoried  in  such  detail  as  will  lead 
to  a  determination  of  its  value  or  cost  within  a  very  small  per- 
centage of  absolute  accuracy. 

2.  It  must  be  classified  as  to  its  use  and  as  to  the  degree  of 
its  use  in  the  various  classes  of  service. 

3.  The  inventory  must  include  full  information  as  to  age 
and  present  condition,  this  information  leading  to  accurate 
estimates  of  accrued  depreciation. 
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CONTINUOUS  INVENTORIES:  THEIR  PREPARATION 
AND  VALUE 

BY   HARRY    E.    CARVER 


Abstract  of  Paper 

Due  to  enactment  of  laws  in  various  states  requiring  approval 
of  State  Commissions  before  issue  of  securities,  and  due  to  other 
conditions,  there  has  arisen  a  demand  for  a  continuous  inventory 
of  property  owned  by  utility  companies. 

First  section  of  this  paper  discusses  the  advisability  of  attempt- 
ing such  an  inventory,  giving  possible  uses  and  advantages  to  be 
derived  therefrom,  and  the  second  section  discusses  the  prep- 
aration of  such  an  inventory,  suggests  the  division  oi  the 
property  into  four  general  groups  for  the  purpose,  and  outlines 
general  forms  and  methods  for  collecting  and  recording  data 
required. 

AMONG  papers  presented  at  the  Pacific  Coast  Convention 
of  the  Institute  at  San  Francisco  in  1915,  under  the  general 
heading  of  a  Symposium  of  Inventories  and  Appraisals  of  Proper- 
ties, was  one  by  Mr.  W.  G.  Vincent,  Jr.,  in  which  the  subject  of 
keeping  inventories  and  appraisals  up  to  date  was  treated  in 
some  detail.  In  the  discussion  which  ensued,  it  seemed  to  be 
the  opinion  that  the  amount  of  detail  and  extra  work  and  expense 
which  would  be  inciured  by  a  company's  operating  force,  wotdd 
be  too  great  to  make  it  advisable  or  practicable  to  do  this.  At 
least  one  of  the  large  public  utility  companies  under  the  jurisdic- 
tion of  the  New  Jersey  Conmiission,  namely  one  of  the  telephone 
companies  connected  with  the  Bell  system,  is  apparently  ac- 
complishing this  with  an  expenditure  of  labor  and  other  expense 
which  is  apparently  within  reason,  and  both  the  New  Jersey 
and  New  York  Commissions  are  endeavoring  to  develop  methods 
for  keeping  inventories  up  to  date  in  which  it  is  hoped  that  the 
co-operation  and  approval  of  public  utility  companies  in  general 
may  be  secured. 

Discussion    of    the    Value    and    Use    of    a    Continuous 

Inventory 
The  desirability  and  the  purposes  for  which  an  inventory  and 
appraisal  of  a  company's  property  is  made  have  been  generally 
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discussed  heretofore  and  the  necessity  of  making  such  an  in- 
ventory and  appraisal  under  certain  conditions  is  probably 
sufficiently  apparent  to  eliminate  the  necessity  of  further  dis- 
cussion on  this  matter.  Such  inventory  and  appraisal  of  any 
large  company  is  comparable  to  a  general  census  which  it  has 
been  customary  to  make  at  periodical  intervals  for  centuries. 
If  it  were  necessary  or  advisable  to  have  the  results  of  an  up  to 
date  census  available  at  frequent  intervals  the  question  would 
doubtless  arise  as  to  the  desirability  of  keeping  a  complete 
census  of  all  the  people  in  the  country  up  to  date  by  other  means 
than  going  out  and  counting  them  every  five  or  ten  years. 

In  the  same  way,  if  it  is  advisable  or  necessary  to  have  avail- 
able a  total  inventory  and  appraisal  of  a  company's  property 
at  frequent  intervals  of  time,  it  would  seem  advisable  to  consider 
the  problems  involved  in  maintaining  such  an  inventory  at  all 
times. 

If  this  kind  of  an  inventory  would  serve  no  other  purpose  than 
in  making  data  readily  available  for  the  compilation  at  any 
time  of  a  total  inventory  and  appraisal  of  the  company's  prop- 
erty, then  the  feasibility  of  doing  so  depends  upon  at  least  four 
factors. 

1.  The  frequency  with  which  it  may  be  desirable. 

2.  The  additional  yearly  expenditure  required,  multiplied 
by  the  number  of  years  intervening  compared  with  the  cost  of 
obtaining  the  results  by  a  complete  new  inventory  at  a  later 
period. 

3.  The  comparative  accuracy  of  an  inventory  by  the  two 
methods  and  the  accuracy  which  is  liable  to  be  required  in  future 
appraisals. 

4.  The  speed  with  which  it  may  be  desirable  to  compile  the 
same. 

A  consideration  of  the  frequency  with  which  complete  in- 
ventories are  liable  to  be  required  leads  to  the  conclusion  that 
they  are  liable  to  occur  much  oftener  in  the  future  than  in  the 
past,  as  the  custom  of  requiring  yearly  reports  to  various  tax 
commissions  and  government  regulating  commissions  appears 
to  be  becoming  much  more  general  and  required  in  more  detail 
than  heretofore. 

A  consideration  of  the  other  factors  involved  in  keeping  a 
continuous  inventory  brings  to  light  a  number  of  other  reasons 
and  advantages  to  be  obtained  by  carrying  out  such  an  under- 
taking.   Besides  the  company  itself,  considered  as  a  unit,   there 
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are  at  least  three  other  classes  of  people  who  are  interested  in 
the  operation  of  a  public  utility  corporation. 

1.  The  patrons  or  customers  of  the  company. 

2.  The  investors  in  the  company's  securities. 

3.  The  general  public,  including  the  various  governmental 
agencies  representing  this  public. 

A  perpetual  inventory*  of  a  company's  property  would  be 
useful  to  any  company  in  the  following  ways: 

1.  Data  are  made  available  for  answering  any  complaints 
as  to  discrimination  or  overcharges  in  existing  rates  and  the 
company  should  be  able  to  present  promptly  a  full  statement 
of  facts  on  the  basis  of  which  a  satisfactory  determination  can 
be  made. 

2.  The  increased  cost  of  labor  and  material  renders  it  probable 
that  many  rate  cases  in  the  future  will  involve  increases,  rather 
than  decreases  in  rates  for  services  rendered  and  the  company 
will  need  to  be  fortified  with  all  necessary  facts  as  to  the  cost 
of  service  rendered,  among  which  are  included  as  two  of  the 
principle  items,  a  fair  return  on  the  investment  and  a  yearly 
allowance  toward  a  reserve  fund  for  replacing  the  property  in- 
volved, at  the  time  that  such  replacement  is  needed. 

3.  In  many  rate  cases  and  cases  pertaining  to  security  issues, 
inventories  and  appraisals  have  been  made  and  depreciation 
and  present  value  estimated.  Various  methods  have  been  used 
for  making  these  determinations  and  estimates  of  future  de- 
preciation have  been  made.  There  the  matter,  in  most  cases, 
has  been  dropped  and  the  future  depreciation  has  been  left  to 
take  care  of  itself. 

The  cut  and  dried  formulas  for  determining  depreciation  used 
in  many  cases  have  often  been  challenged  and  criticized.  The 
criticism  has  been  so  severe  that  it  is  not  at  all  unlikely  that  new 
methods  will  be  adopted  in  the  future  which  will  depend  upon 
changes  which  actually  take  place  as  time  goes  on  and  that  will 
have  to  be  checked  up  from  time  to  time.  Probably  the  surest 
check  upon  accruing  depreciation  or  an  accruing  renewal  fund 
is  a  comparison  of  the  fund  with  the  total  cost  of  the  property, 
subject  to  depreciation,  which,  of  course,  can  only  be  made  by 
having  at  hand  an  up  to  date  inventory.  It  is  quite  probable  that, 
in  the  future,  one  of  the  most  urgent  reasons  for  making  an 
inventory  and  keeping  it  up  to  date  will  be  the  necessity  of  having 
some  means  for  judging  whether  or  not  a  company  is  making 
reasonable  preparation  for  renewing  and  perpetuating  its  orop- 
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4.  For  most  public  utility  companies,  the  approval  of  a 
State  Commission  is  necessary  for  the  issue  of  new  securities. 
The  labor  and  time  involved  in  securing  the  approval  of  the 
same,  both  on  the  part  of  the  company  and  of  the  Commission, 
would  be  materially  reduced.  There  would  be  less  interruption 
of  the  work  performed  by  the  operating  force  of  the  company 
from  governmental  inspectors,  either  in  checking  up  construc- 
tion expenditures  for  new  securities  or  in  making  a  complete 
appraisal  of  a  company's  property  for  this  or  other  ptirposes. 

5.  The  market  for  a  company's  securities  would,  doubtless, 
be  increased  by  a  general  knowledge  that  a  running  inventory 
of  all  the  company's  property  was  maintained  and  consequently 
that  some  check  was  available  upon  the  total  property  repre- 
sented by  securities  issued  and  on  the  accounting  methods  fol- 
lowed b}^  the  company. 

6.  It  would  probably  make  available  data  for  securing  fran- 
chise extensions  from  various  municipalities  imder  more  equi- 
table terms  than  appears  to  be  possible  at  present. 

7.  Data  would  be  available  for  making  investigations  to 
satisfy  the  demands  of  labor  employed  in  the  company's  opera- 
tions as  to  whether  they  were,  or  were  not,  receiving  a  fair  pro- 
portion of  the  company's  revenue.  One  of  the  reasons  privately 
advanced  by  labor  union  men  for  demanding  an  increased  share 
in  a  company's  revenue  is  that  the  books  of  many  companies 
are  kept  in  such  a  manner  that  the  revenues  are  covered  up  in 
some  way  and  their  total  income  is  not  shown  in  the  reports 
made  to  the  stockholders  or  public  bodies.  Without  commenting 
on  the  merits  of  this  contention,  it  is  probable  that  the  means  of 
proving  or  refuting  it  would  be  much  more  readily  available 
than  at  the  present  time. 

8.  It  is  the  general  experience  in  checking  up  the  books  of 
various  companies  in  New  Jersey  for  approval  of  construction 
expenditures  that  comparatively  little  question  can  be  raised 
as  to  the  total  amounts  claimed,  but  that  the  distribution  to 
the  various  items  or  accounts  by  which  the  expenditures  are 
classified,  are  very  frequently  incorrect,  which  fact  is  generally 
brought  out  by  making  an  inventory,  of  the  property  acquired 
and  checking  up  the  unit  prices.  Hence  there  seems  little 
doubt  that  a  continuous  inventory  maintained  by  a  company 
would  be  conducive  to  much  more  accurate  accounting  and  dis- 
tribution of  charges  between  fixed  capital  and  operating  ex- 
penses as  well  as  a  more  accurate  distribution  of  general  over- 
head charges  than  is  possible  at  present.  Digitized  by  GoOqIc 
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9.  Insurance  adjustment  for  fire  and  other  losses  could  be 
more  readily  and  equitably  obtained. 

10.  Tax  Commission  reports  and  yearly  reports  to  regulating 
bodies  could  be  more  readily  compiled. 

11.  At  the  present  time  a  few  large  companies  are  keeping 
a  more  or  less  detailed  record  as  to  the  location  of  their  various 
items  of  property,  especially  of  underground  conduits,  etc. 
Many  companies,  however,  have  very  incomplete  records  as 
to  just  what  they  own  or  where  it  is  located  and  information  is 
not  readily  available  as  to  what  service  they  are  able  to  render 
at  a  given  location,  either  permanently  or  temporarily.  As  an 
illustration  of  this  point,  the  case  may  be  cited  of  a  gas  company 
which  was  recently  called  upon  for  service  by  a  prospective  cus- 
tomer in  an  outlying  district.  An  employee  of  the  company, 
to  whom  the  request  was  made,  replied  that  the  company  would 
be  unable  to  make  the  connection  to  the  customer's  premises,  as 
the  company's  mains  were  too  far  away.  Later  investigation 
proved  that  the  company  had  a  service  connection  to  the  house 
next  door  and  that  the  main  in  the  street  extended  to  within 
about  fifty  feet  of  the  prospective  customer's  lot.  A  continuous 
inventory  would  necessitate  the  keeping  of  records  which  would 
prevent  these  or  similar  occurrences. 

12.  In  addition  to  requiring  records  which  would  give  the 
location  of  property  owned,  the  adoption  of  such  a  system  in 
connection  with  a  continuous  inventory  and  appraisal  would 
be  of  great  value  in  promoting  more  efficient  construction  and 
operation,  as  detailed  costs  would  readily  be  available  from  which 
the  costs  of  rendering  any  particular  service  or  of  making  any 
particular  extension  or  betterment  could  be  accurately  deter- 
mined. 

Some  of  the  advantages  cited  above  would  apply  equally  well 
to  the  company's  customers,  investors,  and  the  public,  but  the 
above  seem  to  be  sufficient. 

Preparation  of  the  Inventory 
This  subject  apparently  implies  first  a  complete  inventory 
and  appraisal  of  the  property  as  of  a  given  date  but  this  is  not 
a  necessary  prelude  to  the  above,  and,  as  most  companies  have 
not  a  complete  inventory  and  appraisal  of  their  property,  it  seems 
advisable  to  state  that  a  company  can  readily  start  an  inventory 
of  all  new  property  acquired  from  the  present  time  forward  and 
all  old  property  withdrawn  from  service  and  either    replaced 
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or  abandoned,  witl- out  detailing  a  special  force  of  enf2:ineers 
to  make  a  complete  inventory  of  all  property.  The  record 
of  the  company's  property  in  existence  at  the  time  the 
inventory  is  started  can  be  obtained  at  such  times  as  the 
company's  engineers  and  accountants  may  be  available  for  this 
work,  and,  in  the  course  of  a  few  years  it  might  be  possible  in 
this  manner  to  obtain  a  complete  inventory. 

The  actual  problem  of  maintaining  a  continuous  inventory 
resolves  itself  into  the  question  as  to  how  small  the  units  may 
be  into  which  a  property  may  be  divided  and  records  kept  with- 
out an  unreasonable  expense,  and  how  large  the  units  of  property 
may  be  taken  without  making  indentification  of  any  item  or 
part  of  the  property  so  uncertain  as  to  destroy  the  accuracy  of 
the  inventory  and  subsequent  changes  in  the  capital  account. 

To  illustrate,  suppose  a  company  builds  today  a  large  power 
station  and  ten  years  from  now  it  builds  an  addition,  removing 
one  wall  and  making  use  of  some  of  the  material  for  the  new  work. 
Or,  a  company  builds  an  overhead  distribution  system;  five 
years  later  it  becomes  necessary  to  replace  some  of  the  existing 
wires  on  a  certain  street  with  a  larger  size;  ten  years  later  it  is 
necessary  to  move  a  part  of  this  same  line  to  the  other  side  of  the 
street  and  install  joint  poles  with  another  company,  and  fifteen 
years  later  it  becomes  necessary  to  replace  all  this  construction 
with  an  underground  system. 

Is  it  possible  to  keep  an  accurate  record  of  these  transactions 
so  that  the  capital  account  shall  record  the  cost  of  the  additions 
and  the  proper  withdrawals  in  going  through  these  various 
changes  without  relying  on  estimates  of  both  quantities  and 
costs  to  such  an  extent  as  to  render  the  records  questionable 
as  to  their  accuracy?  Heretofore  it  has  been  necessary  to  rely 
largely  on  estimates  of  the  original  cost  of  both  labor  and  material 
in  recording  such  transactions ;  but,  with  proper  co-ordination 
and  co-operation  of  the  various  departments  concerned,  we 
believe  that  the  necessity  of  making  estimates  can  largely  be 
obviated,  and  the  total  cost  installed  in  place  at  any  particular 
period  of  time  obtained  without  any  great  expense. 

The  fundamental  requirement  for  accomplishing  the  above 
is  an  efficient  "work  order"  system,  also  quite  generally  known 
under  the  head  of  "Authorizations  for  Expenditure"  or  some 
similar  name.  A  work  order  system  is  in  force  in  practically 
every  company  of  appreciable  size  today,  and  with  more  or  less 
modification  can  be  adapted  to  give  the  records  required. 
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In  order  to  obtain  the  necessary  records  for  writing  oflf  the 
original  cost  of  the  property  when  it  is  retired,  it  is  absolutely 
necessary  that  one  additional  step  be  added  to  this  system  as  it 
is  generally  in  force  in  most  companies;  viz,  an  allocation  of  the 
cost  of  each  piece  of  construction  or  property  acquired  must  be  made 
in  detail  when  the  work  is  completed,  and  preferably  just  before  the 
work  order  is  finally  closed,  as  such  an  analysis  will  frequently 
disclose  inaccuracies  in  either  debits  or  credits.  This  practise 
is  followed  by  many  companies  to  a  certain  extent  at  the  present 
time,  but  must  be  applied  to  all  work  orders,  and  the  final  cost 
must  be  reduced  to  the  same  units  that  are  liable  to  be  needed 
in  making  estimates  for  withdrawals  or  additions.  Unless  the 
property  acquired  is  going  to  last  fore^^'er  or  be  withdrawn  from 
capital  account  as  a  unit,  such  an  estimate  must  be  made  some- 
time, and  there  would  seem  to  be  no  time  when  a  more  accurate 
analysis  could  be  made  than  at  the  time  the  work  is  done  or 
property  acquired. 

An  analysis  of  costs  made  at  this  time  w^ould  aid  in  checking 
up  inaccurate  distribution  of  labor  and  material,  and  it  is  very 
important  to  do  this,  as  the  fact  must  be  recognized  that  all 
of  these  records  are  going  to  depend  primarily  for  their  accuracy 
on  the  proper  distribution  of  labor  and  material  by  the  con- 
struction foreman,  and  especial  emphasis  must  be  laid  on  this 
point. 

Many  companies  are  keeping  at  the  present  time  an  additional 
set  of  records  which  can  be  made  to  fit  in  nicely  with  a  continuous 
or  perpetual  inventory.  These  records  consist  mostly  of  cards 
showing  the  location,  type,  size,  and  dates  of  installation,  change 
in  location,  etc.,  of  meters,  transformers,  poles  and  attachments, 
and  possibly,  in  some  cases,  street  lamps,  services  and  similar 
items.  As  stated  in  the  first  section  of  this  paper,  such  records 
are  valuable  for  other  than  strictly  inventory  purposes  but  they 
are  also  essential  for  this  purpose  in  connection  with  the  forms 
suggested  below. 

The  items  of  property  for  the  purposes  of  inventory  may 
be  divided  into  four  general  groups  as  follows: 

A.  Those  items  which  are  large  enough  to  be  recorded  indi- 
vidually or  in  small  groups  with  one  entr>',  but  which  are  liable 
to  be  altered  or  changed  in  part;  e.g.,  buildings. 

B.  Items  which  may  be  recorded  individually  and  which  are 
withdrawn  from  service  as  a  unit;  e.g.,  meters. 

C.  Items  which  must  be  recorded  in  units  of  length,  pounds. 
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or  some  similar  units  and  miscellaneous  items;  e.g.,  wires  and 
cables,  insulators,  arresters,  etc. 

D.  Those  items  of  property  which  are  usually  carried  in  in- 
ventories at  the  present  time  and  which  are  usually  checked  up 
by  field  inventory  at  regular  intervals;  e.g.,  materials  and  supplies 
portable  tools,  office  furniture,  etc. 

There  may  be  considerable  difference  of  opinion  as  to  just 
what  method  should  be  followed  in  collecting  the  data  required, 
but  a  general  scheme  could  be  followed  for  either  a  gas,  electriC; 
railway  or  railroad,  telephone  or  telegraph,  water  or  sewer 
utility  or  a  private  industrial  plant  by  classifying  the  property 
in  the  general  groups  indicated  above  about  as  follows: 

A.  1.  Land  and  right  of  way. 

2.  Building  and  structures. 

3.  Equipment  of  stations,  buildings,  etc. 

B.  Poles,  transformers,  meters  and  services  for  an  electric 
company;  meters,  services,  fire  hydrants,  lamps,  etc.  for  a  water 
or  gas  company  and  similar  items  for  these  or  other  companies. 

C.  Wires,  cables,  conduits,  crossarms,  insulators,  for  an 
electric  company;  feeder  cable,  trolley  wire,  straight  track,  etc., 
for  railways;  transmission  and  distribution  mains  for  water, 
gas  and  sewer  companies. 

D.  Office  equipment,  shop  equipment,  stable  equipment,  etc. 

Forms  for  Group  A 

The  general  form  of  recording  data  for  items  in  group  A  in 
detail  is  given  on  form  1. 

These  data  should  be  obtained  from  the  completion  report  of 
the  work  order,  an  extra  copy  of  which  it  might  be  advisable  to 
file  with  other  inventory  data. 

The  basis  for  estimating  the  unit  prices  for  the  cost  of  brick 
wall  removed  (mentioned  on  form  1)  should  be  found  in  this 
completion  report.  A  list  of  the  quantities  involved  should  be 
available  from  the  information  and  plans  in  the  hands  of  the 
engineer  responsible  for  the  new  addition.  With  this  information 
there  should  be  need  for  very  little  estimating  which  is  not  based 
on  actual  facts. 

The  summary  of  all  such  property  classified  under  any  par- 
ticular account  for  any  particular  division  or  subdivision  could 
be  recorded  on  form  2  and  the  totals  for  that  account  or  division 
readily  obtained  by  summing  up  the  items,  on  such  occasions 
as  a  total  is  desired,  probably  no  oftener  than  once  each  year. 
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Form  1 

AMERICAN    ELECTRIC   CO.— Subsidiary  Co 

Dl  VISION— Northern         LOCA  TION—  14/A  St.  BeUeviUe  File  No.  6 

Computer Checker App'd  by DaU  . .  Acct.  No.  118 

SUBJECT  Substation  Buildings R^erence Sheet  No.  1 

{or  other  similar  items  in  Group  A) 


Auth. 

Original  cost 

Total    cost 

Est. 

No. 

Date 

Description — As    origi- 

Area—Size 

corrected 

re- 

and 

acquired 

nally  acquired  or  of  ad- 

or No.  of 

to  date  for 

pag* 

dition  or  withdrawal 

units 

Per 

additions. 

ing 

unit 

Total 

etc. 

life 

543- 

l-Substation     Building 

10 

1911 

Brick  on  concrete  fndn. 
Slate  Roof.  etc. 
40' X  30' One  Story  & 
Basement. 

1200  sq.  ft. 
20000cu.ft. 

$2.00 
.12 

$2400 

$2400 

50 

1585- 

1916 

Brick  wall  removed 

4 

30'xl8  '  High 

200 

2200 

45 

1586- 

1016 

Addition  10'x40' 

400  sq.  ft. 

2.50 

1000 

3200 

46.6 

4 

6667  cu.  ft. 

.15 

Explanatory  Notes  on  Use  op  Form  No.  1 

Note  1 — If  any  item  of  property  subject  to  depreciation  is  acquired  subsequent  to  date 
of  first  use,  this  fact  should  be  indicated  together  with  other  information  available  as  to 
original  construction,  date,  cost,  etc. 

Note  2 — Remaining  life  of  45  years  is  obtained  by  subtracting  5  years  elapsed  between 
1911  and  1916  from  50  year  life  first  estimated. 

Remaining  life  of  46.6  years  is  obtained  by  computing  a  weighted  average  of  i2200  at 
45  years  and  11000  at  50  years. 

Note  3 — Present  value  on  a  basis  of  straight  line  depreciation  may  be  readily  obtained 
by  multiplying  13200  by  ratio  of  46.6  years  to  50  years,  giving  93.2%  and   $2982. 


Form  2 

AMERICAN    ELECTRIC    CO —Subsidiary  Co 

DIVISION  Northern         LOCATION  AU  FUe   No.  5 

Computer Checker App'd  by Date Acct.  No.  118 

SUBJECT  Summary  of  Substation  Buildings,  1916  Sheet  No.  101 

(or  similar  item  in  Group  A) 


Ref. 

Sheet 


Item 


SS  Building 
ditto 


Location 


14th  St.  Belleville 
First  St.  Nutlcy 


Date 
orig- 
inally 

ac- 
quired 


1911 
1906 


Cost 

to 
Jan.  1 


$2400. 
etc. 


I 


Added 


$1000 


With, 
drawn 


$200 


Cost 

to 
Dec. 

31 


Present  value 
Dec.  31 


$3200 


%      Amt. 


93. 2  $2982. 


Transferred   to   sheet    No.  1- 


iffiigle 
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Form  3 

AMERICAN   ELECTRIC   CO.— Subsidiary  Co 

DIVISION  Northern        LOCATION  AU  FiU  No.  6 

Computer Checker App*d  by Date Ace.  No.  124 

SUBJECT  6-*ip.  Transformers  Type  X  Reference Sheet  No.  1 

(or  similar  items  in  Groups  B  or  C) 


Number  of  units 

Years 

Correc- 
ted 

Withdrawn 

Cost 

Av.  LifeiAv.  age 

Date 

Ref. 

Net 

per 

Total 

totol 

units 

units 

sheet 

Added 

Date 

totol 

unit 

cost 

cost  to 

with. 

instal- 

No. 

orig.  in- 
stalled 

to  date 

date 

drawn 

led 

Brought 

Pwd. 

Invento 

ryja 

n.1,1916 

250 

$62 

115.500 

115.500 

5.1 

1916 

40 

290 

61* 

2.400 

17.940 

1916 

2 

1900 

288 

65t 

130t 

17.810 

16 

1916 

3 

1901 

285 

64t 

192 

17,618 

15 

1916 

Invento 

ry    D 

ec.    31. 

285 

61.82 

17,618 

5.08 

1917 

♦  Average  costs  for  all  units  of  this  sire  for  any  given  period — say  one  year, 
t  Prices  might  be  averaged  apd  one  figure  shown  or»  if  not  much  variation  in  price,  they 
might  be  withdrawn  at  the  average  cost  of  the  250  shown  at  the  beginning  of  the  year 


Form  4  AMERICAN   ELECTRIC   CO.— Subsidiary  Co 

DIVISION  Northern        LOCATION  AU  Pile  No.  5 

Computer Checker App'd  by Date Acct.  No.  124 

SUBJECT  Summary  of  Transformers— 1916  Sheet  No.  101 

{or  similar  item  in  Group  B  or  C) 


Ref. 

sheet 

Size 

Type 

Number  of  units 

Cost  of  units 

Av. 
cost 

per 

unit 

Dec.  31 

1 
Present  value 
Dec.  31 

Jan. 
1st. 

Added 

With- 
drawn 

Dec 
31 

Jan.  1st 

Added 

With- 
drawn 

ec.  31 

% 

Amt. 

1 
5 

5  kw. 
10  kw 

X 
X 

250 
100 

40 
20 

5 
2 

285 
llSetc 

$15,500 

S2.440 

$322 

$17,618 
Transf 

$61.82 

4.6 
>  sheet 

$13,143 
No.   1-10 

Note: — "%"  under  "Present  Value"  for  straight  line  depreciation  would  usually  be 
obtained  by  comparing  average  age  of  units  installed  with  average  life  of  units  withdrawn. 
In  this  case  it  is  estimated  that  a  15  or  16-year  life  is  not  long  enough  and  life  base  is  arbi- 
trarily token  as  20  years.  In  some  cases  it  might  be  desirable  to  consider  salvage  in  arriv- 
ing  at  present  value  but  it  is  disregarded  above  for  sake  of  brevity. 
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Forms  for  Groups  B  and  C 

The  same  forms  are  recommended  for  both  groups  B  and  C, 
but  the  method  of  collecting  the  data  required  is  different. 

For  both  groups  it  is  thought  best  to  use  unit  costs  averaged 
for  the  district  into  which  the  company  chooses  to  subdivide 
its  territory,  say  a  tax  district,  and  for  a  certain  period  of  time, 
monthly,  quarterly,  or  yearly.  The  average  for  labor,  storeroom 
charges,  miscellaneous  material  items,  overhead  charges,  etc., 
would  necessarily  need  to  be  computed  after  the  close  of  the 
current  period  or  the  average  taken  from  the  preceding  period 
and  final  adjustments  made  for  variation. 

The  total  quantities  for  all  items  in  group  B,  for  which  a  card 
record  is  assumed  to  be  made,  can  be  computed  either  from  the 
cards  or  from  the  completion  reports  of  the  work  orders.  Prob- 
ably the  total  could  be  obtained  more  readily  from  the  card 
records,  whether  tabulated  by  hand  or  sorted  and  tabulated 
mechanically  by  means  of  the  Hollerith  system  of  card  records. 

For  all  items  in  group  C,  the  totals  of  both  quantities  and 
prices  would  probably  best  be  obtained  and  reconciled  with  the 
amounts  given  in  the  completion  reports  of  all  work  orders  in- 
volved, although  they  might  be  obtained  from  field  books  or 
street  maps  showing  construction  changes  for  the  required 
period,  or  from  pole  record  and  manhole  record  cards  which 
usually  indicate  the  wires,  cables,  conduit,  etc.,  extending  to 
the  adjacent  units. 

Form  3  shows  method  of  recording  a  group  of  similar  units, 
viz.,  5-kw.  transformers  and  Form 4  shows  method  of  summar- 
izing units  of  various  sizes. 

Forms  for  Group  D 

Form  5  is  recommended  for  summarizing  items  in  this  group  as 
it  is  contemplated  to  include  only  such  items  as  a  company  car- 
ries or  could  reasonably  carry  on  an  inventory  which  is  usually 
made  at  the  present  time  by  actual  count.  This  inventory  as 
applied  to  office  furniture,  large  portable  tools,  etc.,  usually 
gives  the  estimated  present  value  of  these  items  and  they  are 
carried  into  the  property  account  each  year  at  this  depreciated 
value. 

The  first  entry  for  each  of  these  items  is  naturally  the  cost  new 
and  it  is  recommended  that  this  cost  new  be  carried  in  the  in- 
ventory in  a  parallel  column  with  the  depreciated  value  until 
such  time  as  the  item  is  retired.    Also,  that  the  total  cost  new  of     ^ 
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Form  5 

AMERICAN    ELECTRIC    CO.— Subsidiary  Co 

DIVISION  Northern         LOCATION  BetUviUe  Of/ice  FiU   No.  5 

Computer Checker App'd  by Dale .Acct.  No,  107 

SUBJECT  General  Equipment,  Dec.  31.  1916     Ref Sheet  No.  101 

(or  similar  items  in  Group  D) 


Item 


Typewriters 

Typewriter  desks 

Bent  wood  chairs 

Totals,  Dec.  31 

Additions  1916 

Total  of  items  Jan.  I. 
Totals  per  inventory  12-31-15 

Withdrawals  1916 


Original  cost 

Present  value 

Y<4ir 
ac- 

quired 

Ref. 

Unit 

Amt. 

% 

Amt. 

1914 

52 

179 

1158 

76 

1118 

1912 

35 

20 

40 

80 

32 

1916 

Bill 

3 

18 

100 

18 

1216 

77.7 

168 

18 

1198 

61 

210 

112 

Transfe«Ted  to  sheet  No. 

1-10. 

Form  6 

AMERICAN    ELECTRIC    CO.— Subsidiary  Co 

DIVISION  Northern     LOCATION File  No.  5 

Computer Checker App'd  by Date Acd.  No.  1 

SUBJECT  Grand  Summary,  1916  She^  No.  10 


Acct. 

No. 

Ref. 
Sheet 

.    Item 

Total  cost 

Present  value 

Jan.  I 

Added 

With 
drawn 

Dec. 
31 

% 

Amt, 

101 

5 
101 
101 
101 

Land,  etc 

1210 

2400 

15.000 

118 
1.000 
2,440 

112 
200 
322 

S216 

3.200 

17,618 

77.7 
93  2 
74.6 

1168 
2.982 
13.143 

107 

General  Equipment 

118 

Substation  Bldgs 

124 

Transformers 

Totals  Northern  Div.  1916 

18.110 

$3,458 

1534 

21.034 

77.5 

16.293 

Explanatory  Notes  in  Reference  to  Use  of  Above  Forms. 

Note  1.  Loose  leaf  sheet  8t"xll"  is  recommended  for  all  forms. 

Note  2.  For  all  withdrawals  use  red  ink. 

Note  3.  Forms  1  and  3  constitute  the  continuous  record.  All  other  forms  are  made  up 
when  it  is  desired  to  arrive  at  totals  and  are  correct  for  one  date  only.  If  periods  used 
are  different  than  calendar  year,  forms  would  be  slightly  modified. 

Note  4.  Provision  for  identifying  computers,  etc.  on  forms  1  and  3  after  first  entries 
could  be  made  by  having  initials  inserted  in  date  column  or  by  providing  separate  column. 

Note  5.  Figures  carried  to  grand  summary,  form  6.  are  merely  illustrative  and  not  the 
totals  which  would  be  obtained  if  more  entries  were  made  on  fcrms  2.  4.  and  5. 

Note  6.  From  totals  on  form  6.  the  amount  of  additions  for  which  new  securities  may 
be  issued  may  be  readily  determined. 

Note  7.  By  comparing  form  6  as  filled  out  for  1915  with  year  1916.  the  credit  which 
lUst  be  made  to  reserve  account  from  earnings  to  provide  for  the  year's  depreciation  may 
I  determined. 
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all  items  be  carried  in  thepropertyaccount;  and  that  the  estimated 
accrued  depreciation  of  all  such  items  should  be  carried  in  the 
depreciation  reserve  account  instead  of  being  charged  directly 
to  operation  each  year  and  lost  sight  of  thereafter  as  is  the  prac- 
tise ^dth  many  companies  today. 

A  comparison  of  such  an  inventory  at  the  end  of  any  year 
with  the  preceding  will  indicate  the  total  value  of  all  withdrawals 
and  additions  and  a  proper  adjustment  can  then  be  made  in  one 
Itunp  sum  between  the  capital  account  and  the  depreciation 
reserve. 

Form  6  is  to  be  used  as  a  summary  of  all  property  and  prob- 
ably needs  no  explanation  in  addition  to  notes  given. 

To  carry  out  the  above,  it  would  seem  advisable  to  create  a 
separate  department  under  the  joint  supervision  of  the  chief 
engineer,  general  auditor  or  controller,  and  the  official  in  charge 
of  the  Public  Relations  Committee  of  a  utility  if  such  a  com- 
mittee exists.  The  man  in  charge  of  this  department  should 
understand  both  engineering,  accounting  and  statistical  work, 
and  be  capable  of  co-operating  with  all  other  departments  of 
the  company  to  secure  the  full  benefits  possible  to  be  derived  as 
outlined  in  the  first  section  of  this  paper. 

The  methods  indicated  above  would  necessarily  need  to  be 
modified  to  suit  the  needs  of  any  individual  company,  and  in 
actually  working  out  the  same,  it  is  probable  that  some  modifi- 
cations of  the  present  system  of  records  and  accounting  could  be 
adopted  which  would  materially  lessen  the  amount  of  additional 
work  which  might  appear  to  be  necessary  at  first  glance  in  in- 
augurating such  a  system  of  continuous  inventory  and  appraisal. 
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GROWTH  AND  DEPRECIATION 


BY  rULIAN    LOEBENSTBI'N 


Abstract  of  Paper 

It  is  generally  assumed  that  a  complex  utility  property  will 
depreciate  to  an  approximately  fixed  per  cent  condition.  This 
is  shown  by  theoretical  and  actual  curves  to  be  incorrect.  It  is 
shown  that  the  manner  of  the  company's  growth  aflFects  its  per 
cent  condition. 

The  necessity  for  reserves,  the  manner  in  which  they  may  be 
kept  and  the  return  which  should  be  allowed  on  them,  whether 
reinvested  or  not,  is  discussed.  Several  Commission  and  Court 
decisions  are  quoted  to  show  the  tendency  to  disallow  a  return  on 
a  reserve  and  arguments  are  presented  in  refutation  of  the  de- 
cisions. 

The  principal  points  are  as  follows: 

1.  The  condition  of  a  property  is  dependent  not  only  on  main- 
tenance but  also  on  its  growth. 

2.  Property  does  not  settle  down  to  a  fixed  per  cent  condition. 

3.  Capital  is  kept  intact  by  reinvesting  reserve  in  extensions. 
Under  this  condition,  depreciated  value  of  the  entire  property  is 
the  fair  one  for  rate  making  purposes. 

4.  For  a  company  unable  to  use  reserve  in  extensions  a  liquid 
depreciation  fund  will  be  necessary. 

5.  The  same  return,  available  for  dividends,  should  be  allowed 
on  a  reserve  as  on  the  remainder  of  the  property. 


IN  THIS  article  the  writer  tries  to  bring  out  the  following 
points: 

First,  to  show  that  the  per  cent  condition  of  any  property  is 
dependent  not  only  upon  the  maintenance  but  upon  the  past 
and  present  growth. 

Second,  to  show  that  under  practically  no  condition  will  it 
be  necessary  to  bring  a  property  back  to  one  hundred  per  cent 
condition,  but  that  it  does  not  settle  down  to  some  fixed  per 
cent  condition  less  than  one  hundred  per  cent.  It  does,  however, 
go  through  a  repeating  cycle  of  conditions,  one  point  in  the 
cycle  being  a  maximum  above  which  it  will  never  rise.  This 
maximum  point  will  depend  entirely  upon  the  growth  of  the 
property  and  should  be  studied  separately  for  each  property 
under  consideration. 

Third,  to  show  that  under  certain  conditions  of  growth,  a 

1389  Digitized  by  Google 


1390       LOEBENSTEIN:  GROWTH  AND  DEPRECIA TION  [Nov.  10 

growing  company  need  keep  no  liquid  depreciation  reserve  fund ; 
that  it  may  reinvest  the  reserve  in  extensions,  making  renewals 
as  they  come  due  in  any  given  year,  from  the  amount  set  aside 
for  depreciation  reserve  in  that  year,  and  that  by  so  doing  the 
stockholders*  capital  is  kept  intact,  yet  the  depreciated  value 
of  the  whole  property  is  the  fair  one,  both  for  consumer  and 
stockholder,  for  rate-making  purposes. 

Fourth,  to  show  that  for  a  company  which  has  stopped 
growing  or  for  one  which  is  growing  at  a  rate  not  large  enough 
to  use  all  of  the  depreciation  reserve  for  reinvestment  in  exten- 
sions, it  will  be  necessary  to  have  a  continually  varying  amount 
in  a  liquid  depreciation  reserve  fund,  and  that  this  amount  will 
fluctuate  in  a  manner  depending  upon  the  company's  growth. 

Fifth,  to  show  that  since  such  a  liquid  reserve  may  be  necessary 
for  a  growing  company  and  will  be  necessary  for  a  company 
which  has  ceased  to  grow,  that  the  same  return  should  be  allowed 
on  such  a  reserve  as  on  any  other  capital  invested  in  the  property, 
and  that  such  return  should  be  available  for  dividends,  provided 
that  the  cost  new,  less  depreciation,  is  to  be  used  as  a  basis  for 
making  the  rates. 

The  following  definitions  and  assumptions  are  made  in  the 
discussion.  By  liquid  depreciation  reserve  fund  is  meant  a 
reserve  either  as  cash  in  a  bank,  invested  in  bonds  or  employed 
in  any  other  way  so  as  to  be  readily  convertible  into  cash  for 
immediate  use.  This  is  to  distinguish  it  from  depreciation  re- 
serve, which  is  invested  in  extensions  and  betterments  and 
which  cannot  be  readily  turned  into  available  cash.  No  con- 
sideration is  taken  of  scrap  value  nor  of  a  reserve  for  emergencies 
or  catastrophies  as  the  calculations  are  not  in  any  way  affected 
by  such  a  fund,  the  effect  being  simply  to  refer  them  to  a  dif- 
ferent ordinate.  All  calculations  are  on  the  straight  line  basis 
and  all  properties  considered  are  assumed  to  be  kept  in  the  best 
state  of  repair.  It  is  assumed  that  the  depreciated  value  of  the 
property  will  be  used  as  a  basis  for  making  the  rates. 

Before  attempting  to  draw  any  conclusions  from  the  tables, 
it  is  advisable  to  show  how  they  were  constructed  and  calculated. 
Table  I  is  the  calculation  for  a  property  in  which  a  uniform 
capital  investment  of  $1000  a  year  is  made  for  ten  years  and  the 
property  then  stops  growing.  All  the  elements  of  the  property 
are  assumed  to  have  a  ten  year  life.  Table  II  shows  a  property 
similar  in  all  respects  but  one,  to  that  shown  in  Table  I.  In 
Table  II  the  uniform  investment  is  made  for  only  five  years  of 
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the  ten.  Table  III  is  for  a  property  the  elements  of  which 
have  a  ten  year  life.  In  the  first  year  the  capital  investment 
is  $1000.     In  the  second  year  the  depreciation  fund  is  used  for 


TABLE   I. 
Uniform  Yearly  Invrstiibnt  for  Ten  Years 
End  of  Growth — Tenth  Year 
Life — Ten  Yean 
Depreciation  reserve  not  invested  in  extensions 


End  of 

Capital  in- 

Total cap- 

Increment 

Deduction 

Total  in 

Percent 

year 

vest,  for 

ital  expend- 

to Depr. 

from  depr. 

depr. 

condition 

the  year 

itures 

fund 

fund 

fund 

1 

1000 

1.000 

100 

0 

100 

90 

2 

1000 

2.000 

200 

0 

300 

86 

3 

1000 

3.000 

300 

0 

600 

80 

4 

1000 

4.000 

400 

0 

1000 

76 

6 

1000 

6,000 

600 

0 

1600 

70 

6 

1000 

6.000 

600 

0 

2100 

66 

7 

1000 

7.000 

700 

0 

2800 

60 

8 

1000 

8.000 

800 

0 

3600 

66 

9 

1000 

9.000 

900 

0 

4600 

60 

10 

1000 

10.000 

1000 

0 

6600 

46 

n 

— 

10.000 

1000 

1000 

5600 

46 

12 

— 

10.000 

1000 

1000 

6600 

46 

13 

■    — 

10.000 

1000 

1000 

6600 

46 

14 

— 

10.000 

1000 

1000 

6600 

46 

16 

—  . 

10.000 

1000 

1000 

6600 

46 

16 

— 

10,000 

1000 

1000 

6600 

46 

17 

— 

10.000 

1000 

1000 

6600 

46 

18 

— 

10.000 

1000 

1000 

6600 

46 

19 

— 

10.000 

1000 

1000 

6600 

46 

20 

-— 

10.000 

1000 

1000 

6600 

46 

80 

-^ 

s. 

\ 

\ 

6,000     60 

\ 

\ 

Ml 

nki 

Om 

cW 

\ 

"^j 

Hl^l 

•d 

fc 

6 

/ 

^ra 

>tCo 

BdRfa 

n 

4,000 1 40 

' 

J 

r 

2,000     20 

/ 

/ 

DoO 

nS 

M«l 

li  ■■ 

0      0 

_^ 

y 

16  20 

YEARS 


Curve  I — Uniform  Investment  for  Ten  Years 

End  of  growth,  tenth  year — life,  ten  years — depreciation  reserve  not  invested  in  exten- 


investment  in  extensions  and  enough  additional  capital  is  in- 
vested to  bring  the  investment  of  both  capital  and  reserve  for 
the  year,  up  to  $1000.     The  same  procedure  is  followed  eas^ 
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year  until  at  the  end  of  the  tenth  year  the  property  ceases  to 
have  any  further  additions.  Table  IV  is  for  a  property  the  ele- 
ments of  which  have  a  ten  year  life.     Starting  with  an  invest- 


TABLE   II. 
Uniform  yearly  investment  for  five  years 
End  of  growth —  fifth  year 
Life — ten  years 
Depreciation  reserve  not  invested  in  extensions 


Capital  in- 

Total cap- 

Increment 

Deduction 

Total  in 

End  of 

vest,  for 

ital  expend- 

to depr. 

from  depr. 

in  depr. 

Percent 

year 

the  year 

itures 

fund 

fund 

fund 

condition 

1 

1000 

1000 

100 

0 

100 

90 

2 

1000 

2000 

200 

0 

300 

85 

3 

1000 

3000 

300 

0 

600 

80 

4 

1000 

4000 

400 

0 

1000 

75 

5 

1000 

5000 

500 

0 

1500 

70 

6 

— 

6000 

600 

0 

2000 

60 

7 

— 

5000 

500 

0 

2500 

50 

8 

— 

5000 

500 

0 

3000 

40 

9 

— 

6000 

600 

0 

3500 

30 

10 

— 

5000 

500 

0 

4000 

20 

11 

— 

5000 

500 

1000 

3500 

30 

12 

— 

5000 

500 

1000 

3000 

40 

13 

— 

5000 

500 

1000 

2500 

50 

14 

— 

5000 

600 

1000 

2000 

60 

15 

— 

5000 

500 

1000 

1600 

70 

16 

— 

5000 

500 

0 

2000 

60 

17 

— 

5000 

500 

0 

2500 

60 

18 

— 

5000 

500 

0 

3000 

40 

19 

— 

5000 

500 

0 

3600 

30 

20 

— 

5000 

500 

0 

4000 

20 

-^ 

r 

n 
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1 
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Curve  II — Uniform  Yearly  Investment  for  Five  Years 

End  of  growth,  fifth  year — life,  ten  years — depreciation  reserve  not  invested  in  exten- 


ment  of  $1000  the  first  year,  the  investment  decreases  one  hun- 
dred dollars  per  year  until  the  tenth  year,  at  which  time  the 
property  stops  growing.     The  depreciation  reserY^A^,^nQt/:>re- 


The  depreciation  reserve 
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TABLE 
Uniform  yearly  investment  for  ten  years 
Bnd  of  growth — tenth  year 
Life — ten  years 
Depreciation  reserve  invested  in  extensions 


III. 


Invest- 

Capital 

ment  for 

Total   n- 

Incre- 

Deduc- 

End of 

Invest. 

Total  cap- 

the   year 

vestment 

ment  to 

tion  from 

Total 

Percent 

year 

/or    the 

ital  ex- 

from 

capital 

depr. 

depr. 

in  depr. 

condi- 

year 

penditure 

depr. 
reserve 

plus 
reserve 

fund 

fund 

fund 

tion 

1 

1000 

1000 

1.000 

100 

100 

90 

2 

000 

1900 

100 

2,000 

200 

100 

200 

85 

3 

800 

2700 

200 

3.000 

300 

200 

300 

80 

4 

700 

3400 

300 

4.000 

400 

300 

400 

76 

-8 

000 

4000 

400 

5.000 

500 

400 

500 

70 

6 

500 

4500 

500 

0.000 

000 

500 

600 

65 

7 

400 

4900 

000 

7.000 

700 

000 

700 

60 

8 

300 

5200 

700 

8.000 

800 

700 

800 

56 

9 

200 

5400 

800 

9.000 

900 

800 

900 

50 

I       10 

100 

5500 

900 

10.000 

1000 

900 

1000 

45 

•       11 

— 

5500 

— 

10,000 

1000 

1000 

1000 

45 

12 

— 

5500 

— 

10.000 

1000 

1000 

1000 

45 

13 

— 

5500 

— 

10.000 

1000 

1000 

1000 

45 

14 

— 

5500 

— 

10.000 

1000 

1000 

1000 

45 

16 

— 

5500 

— 

10.000 

1000 

1000 

1000 

46 

16 

— 

5500 

— 

10.000 

1000 

1000 

1000 

45 

17 

— 

5500 

— 

10.000 

1000 

1000 

1000 

45 

18 

— 

5500 

— 

10.000 

1000 

1000 

1000 

46 

19 

— 

5500 

— 

10.000 

1000 

1000 

1000 

45 

20 

— _ 

5500 

~~ 

10.000 

1000 

1000 

1000 

46 

^2.000'     20 
^1.000 


V    '  i 

- 

- 

l\ 

\1      1 

\ 

— 

— 

l\ 

_ 

.  — 

--. 

PS 

I 

MifCoMlttloa 

. 

1 

■   T     ■  ■ 

i       : 

I 

1    1 

1 

1 

-- 

-+-JJJ 

I      ' 

.  i 

Do) 

■nil 

D^ 

«ckt 

obF 

nod  1     ^ 

1 

^fid 

y-A-T^ 

!  j    1 

p:i-R;f^^- 

I 

i 

16  20 

rEARS 


Curve  III — Uniform  Yearly  Investment  for  Ten  Years 

End  of  growth,  tenth  year — life,  ten  years — depreciation  reserve  invested  in  extensions. 
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invested.  Table  V  shows  a  property  consisting  of  two  life  groups 
having  lives  of  ten  and  twenty  years  respectively.  Starting 
with  a  capital  investment  of  five  hundred  dollars  for  each  of 


TABLE 
Decreasing  yearly  investment  for  ten  years 
End  of  growth — tenth  year 
Life — ten  years 
Depreciation  reserve  not  invested  in  extensions 


IV. 


Capital 

Depre- 

End of 

invest  for 

Total  cap- 

Increment 

Deduction 

Total  in 

ciated 

Percent 

year 

for  the 

ital  expend- 

to depr. 

from  depr. 

depr. 

value  of 

condition 

year 

iture 

fund 

fund 

fund 

property 

1 

1000 

1000 

100 

100 

900 

90.0 

2 

900 

1900 

190 

— 

290 

1610 

84.6 

3 

800 

2700 

270 

— 

560 

2140 

78.3 

4 

700 

3400 

340 

— 

900 

2500 

73.6 

6 

eoo 

4000 

400 

— 

1300 

2700 

67.5" 

6 

500 

4500 

450 

— 

1750 

2750 

61.0 

7 

400 

4900 

490 

— 

2240 

2660 

54.3 

8 

300 

5200 

520 

— 

2760 

2440 

47.0 

9 

200 

5400 

540 

— 

3300 

2100 

38.9 

10 

100 

5500 

550 

— 

3850 

1650 

30.0 

11 

— 

5500 

550 

1000 

3400 

2100 

38.2 

12 

— 

5500 

550 

900 

3050 

2450 

44.5 

13 

— 

5500 

550 

800 

2800 

2700 

49.1 

14 

— 

5500 

550 

700 

2650 

2850 

51.7 

15 

— 

5500 

550 

600 

2600 

2900 

52.8 

16 

— 

5500 

550 

500 

2650 

2850 

51.7 

17 

— 

5500 

550 

400 

2800 

2700 

49.1 

18 

— 

5500 

550 

300 

3050 

2450 

44.5 

10 

— 

5500 

550 

200 

3400 

2100 

38.2 

20 

— 

5500 

550 

100 

3850 

1650 

30.0 

Curve  IV —  Decreasing  Yearly  Investment  for  Ten  Years 

End  of  growth,  tenth  year — life,  ten  years — depreciation  reserve  not  invested  in  exten- 


the  groups,  the  capital  investment  is  incrased  one  hundered 
dollars  a  year  for  each  group  for  the  ten  years.  In  each  year  an 
equal  amount  has  been  reinvested  in  each  life  group,  sa  that  the 
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total  of  such  investments  for  any  given  year  is  nearly  equal  to 
the  amount  set  aside  in  the  depreciation  reserve  the  year  before. 
This  continues  up  to  and  including  the  tenth  year  after  which 
time  further  investments  are  discontinued,  but  renewals  are 
made  as  each  portion  of  the  original  investment  reaches  the 
end  of  its  life. 

It  may  be  well  here  to  point  out  something  worthy  of  note 
which  developed  in  the  course  of  the  calculation.  It  will  be 
seen,  by  reference  to  Table  V,  that  in  every  case,  the  sum  of 
the  dollars  remaining  in  the  fund  (coliunn  15)  and  the  depreciated 
value  of  the  property  (column  17)  giving  (column  18)  the  total 
value  of  the  property,  is  the  same  as  the  total  capital  expenditure 
(column  6).  This  furnishes  a  short  method  of  calculating  the 
depreciated  value  of  the  property  i.e.  by  subtraction  instead 
of  by  the  depreciation  of  each  year  group.  Take  for  example 
the  tenth  year:  the  long  method  is: — 

Dollars  remaining 
value 

0.00 

250.00 

63.00 

346.50 

>58.00 

474.00 

282.00 

611.00 

440.00 

770.00 

650.00 

975.00 

900.00 

1200.00 

1190.00 

1445.00 

1560.00 

1755.00 

1935.00 

2042.50 


Per  cent 

Dollars 

remaining 
value 

500 

0 

500 

50 

630 

10 

630 

55 

790 

20 

790 

60 

940 

30 

940 

65 

1100 

40 

1100 

70 

1300 

50 

1300 

75 

1500 

60 

1500 

80 

1700 

70 

1700 

85 

1950 

80 

1950 

90 

2150 

90 

2150 

95 

$17,047.00 


This  $17,047,  the  depreciated  value  of  the  property,  as  ob- 
tained above,  plus  $1953,  the  dollars  in  the  depreciation  fund, 
is  equal  to  the  total  capital  expenditure  of  $19,000.  The  short 
method  is  therefore,  to  subtract  the  dollars  in  the  depreciation       t 
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fund  from  the  total  capital  expenditure  to  get  the  depreciated 
value  of  the  property.  This  method  was  followed  in  the  cal- 
culation of  the  table. 

It  is  generally  considered  that  a  property  maintained  in  good 
operating  condition  will  be  between  70  and  85  per  cent  new. 
In  fact,  Whitten,  in  his  Valuation  of  Public  Service  Corporations, 
discussing  depreciation  says,  (Vol.  I,  page  358,  par.  421)  **It 
has  been  stated  that  a  street  railway  maintained  in  good  operating 
condition  will  necessarily  show  cost  less  depreciation  of  from 
70  to  85  per  cent  of  the  cost  new".  That  this  is  an  entirely 
fallacious  assumption  and  that  the  percent  condition  of  any 
property  is  not  only  a  function  of  its  maintenance,  but  also 


Curve  V — Increasing  Yearly  Investment  for  Ten  Years 


Life  I  ^^^  group,  ten  years 


*  one  group,  twenty  years 
End  of  growth,  tenth  year — depreciation  reserve  invested  in  extensions. 


most  decidedly  of  the  manner  of  its  growth,  is  shown  by  the 
accompanying  tables  and  curves. 

It  is  now  an  easy  matter  to  prove  that  Mr.  Whitten's  assump- 
tion is  wrong,  and  also  to  prove  the  first  point,  which  is  that 
the  per  cent  condition  of  any  property  is  dependent  not  only  on 
the  maintenance,  but  upon  the  past  and  present  growth.  Refer- 
ring to  the  tables,  we  sec  that  in  Table  I  and  Curve  I,  where  there 
has  been  a  uniform  investment  over  a  term  of  years  correspond- 
ing to  the  life  of  the  property,  the  per  cent  condition  varies 
from  90  to  45  during  that  term,  and  then  stays  at  45  when  the 
property  stops  growing.  The  per  cent  condition  appears  as  45 
instead  of  the  proverbial  50  because,  in  the  calculations,  the 
end,  instead  of  the  beginning  of  the  tenth  year  is  considered. 
In  Table  II  and  Curve  II,  where  there  is  a  uniform^ vestment 
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26  00 

75.00 

56.50 

169.50 

06.00 

288.00 

143.00 

429.00 

198.00 

504.00 

263  00 

780.00 

338.00 

1014.00 

423.00 

1269.00 

520.60 

1561.50 

628.00 

1884.00 

628.00 

1884.00 

628.00 

1884.00 

628.00 

1884.00 

628  00 

1884.00 

628.00 
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over  a  term  of  years  not  corresponding  to  the  life  of  the  property, 
the  per  cent  condition  varies  from  90  to  70,  while  the  property  is 
growing.  After  that  it  varies  in  repeating  cycles  from  70  to  20 
and  back  to  70  again.  This,  of  course,  is  an  extreme  case,  but 
it  shows  the  possibilities  of  variation.  Table  III  and  Curve  III 
show  the  same  characteristics  as  Table  I,  although  in  Table  I 
there  is  no  reinvestment  of  reserve,  while  in  Table  III  there  is. 
Table  IV  and  Curve  IV  show  a  more  complicated  property  than 
the  others.  Here  the  variation  during  the  ten  years  the  property 
is  expanding,  is  from  about  92  to  about  67.  It  then  goes  through 
a  repeating  cycle  whose  period  is  twenty  years,  varying  from 
67  to  35  per  cent  and  back  again. 

Thus  it  niay  readily  be  seen  that  a  company  which  grows  at  an 


Curve   VI — Depreciated  Service  Values  of  an  Actual  Property 

End  of  growth  assumed   Dec.  31.  1913 — original  service  value  $!(). 500,000 — maximum 
per  cent  condition  69.0  per  cent — minimum  per  cent  condition  37.5  per  cent. 


increasing  rate  will  have  a  lower  per  cent  depreciation  in  any 
given  year,  than  a  company  which  grows  at  a  uniform  rate,  all 
other  conditions  being  assumed  the  same.  Furthermore,  if 
both  companies  reach  their  maximum  growth  at  the  same  time, 
thereafter  their  per  cent  condition  will  vary  one  from  the  other; 
first,  because  of  the  discrepancies  between  the  terms  over  which 
the  investments  have  been  made  and  the  life  terms  of  the  groups 
(compare  Tables  and  Curves  I  and  III)  and  second,  because  of 
the  dissimilar  manner  in  which  the  investments  have  been  made 
(compare  Tables  and  Curves  IV  and  V). 

Moreover  this  is  borne  out  not  only  by  the  theoretical  cal- 
culation, but  Curve  VI  shows  this  condition  for  an  actual  electric 
property.    The  company  was  assumed  to  have  reached  its  final 
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growth  on  December  31st,  1913  after  which  date  only  renewals 
were  made.  The  total  service  value  of  all  the  property  was 
approximately  $16,500,000  yet  it  may  be  seen  from  the  curve  that 
the  actual  service  value  varies  from  $6,200,000  to  $11,000,000  or 
from  37.5  per  cent  to  69  per  cent.  Now,  even  supposing  that 
some  of  the  assumptions  as  to  probable  life  are  incorrect,  the 
property  will  still  vary  over  a  wide  range  and  not  be  in  any 
popularly  supposed  fixed  condition  somewhere  between  70  and 
85  per  cent.  Curv^e  VIII  is  for  another  actual  property  but  a 
much  smaller  one  than  that  considered  in  Curve  VI.  The 
property  is  assumed  to  reach  its  full  growth  in  1912,  and  the 
remaining  service  value  is  shown  for  the  next  53  years.  The 
service  value  varies  from  $810,000  to  $370,000  or  a  corresponding 
per  cent  variation  from  77  to  35. 
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Curve  VII — Total  Composite  Theoretical  Value  Curve  of  the 

Depreciable  Property  of  the  United  Railways  Co.  of  St.  Louis 

as  Given  in  the  Report  on  that  Property  by  the  St.  Louis  Public 

Service  Commission — 1912 


Before  passing  to  point  two,  it  is  pertinent  to  quote  again 
from  Whitten,  who  says,  (Vol.  2,  page  1127,  par.  1285).  "We 
know,  however,  that  there  is  a  tendency  for  all  utilities  to  settle 
down  after  a  time  to  a  more  or  less  uniform  condition  as  regards 
the  percentage  amount  of  accrued  depreciation,  and  the  annual 
requirements  for  renewals  and  replacements.  After  the  various 
parts  of  a  large  public  utility  plant  have  gone  through  complete 
cycles  of  renewals,  the  plant  settles  down  to  a  condition  in  which, 
saving  extraordinary  functional  depreciation,  expenditures  for 
maintenance,  repairs  and  renewals  become  practically  constant. 
There  is  little  fluctuation  from  year  to  year  and  the  averages 
by  five  or  ten  year  periods  are  practically  identical.  This 
settling  down  or  equalizing  process,  is  very  greatly  hastened 
by  the  fact  that  all  large  systems  are  constructed  piecemeal." 

The  above  theory,  which  the  writer  has  tried  to  refute,  is 
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also  supported  by  Mr.  James  E.  Allison,  Chief  Engineer  of  the 
St.  Louis  Public  Service  Commission,  who  in  the  report  on  the 
United  Railways  Company  of  St.  Louis,  presents  the  curve 
which  is  here  reproduced  as  Curve  VH.  He  says,  (Appendix  A, 
page  89)  : 

"It  has  been  the  purpose  of  the  writer  to  show  by  diagrams 
that  piecemeal  built  properties  of  any  complexity,  will  eventually 
assume  a  theoretical  value  curve,  closely  conforming  to  the 
straight  normal  value  line,  halfway  between  100  per  cent  and  the 
composite  scrap  value  of  the  property.*' 

It  cannot  be  denied  that  the  curve  which  he  gives  most 
certainly  is  a  uniform  curve  and  tends  to  support  his  theory. 
It  should  be  noted  though,  that  even  his  curve  varies  over  a 
range  of  15  per  cent  during  the  comparatively  short  time  of 
13  years,  and  although  15  per  cent  is  small,  it  takes  a  different 

aspect  when  considered  as  15 
per  cent  of  $30,000,000,  the 
approximate  value  of  the 
property,  or  $4,500,000. 

As  previously  stated,  the 
curve  shown  by  Mr.  Allison, 
wiso  'i97o  is  a  remarkably  smooth  one, 
but  when  compared  to  Curves 
VI  and  VIII,  it  shows  the 
danger  of  drawing  a  general 
conclusion  from  any  one 
curve.  Every  complex  prop- 
erty undoubtedly  displays  the  tendency  which  Mr.  Allison 
points  out,  but  it  would  be  decidedly  unsafe  to  apply  it  in- 
discriminately to  any  property.  The  point  is  that  each  property 
should  be  investigated  separately  to  determine  its  characteristics 
in  this  respect. 

The  second  point,  to  show  that  under  practically  no  condition 
will  it  be  necessary  to  bring  a  property  back  to  100  per  cent 
condition,  has  already  been  presented  by  many  other  writers, 
but  it  is  given  here  again  in  conjunction  with  the  conclusion 
from  point  number  one.  It  is  obvious  that  any  property  which 
has  been  built  up  gradually  and  not  all  at  once,  will  have  its 
various  parts  wear  out  in  a  similar  sequence  to  that  in  which 
they  were  installed.  Since  different  portions  of  the  property 
will  have  to  be  replaced  each  year,  it  will  never  be  necessary  to 
replace  all  of  them  at  once  and  so  bring  the  property  back  to 
one  hundred  per  cent  condition.  Digitized  byGoOQic 


1940 
YCMB 

CuRVB  VIII — Depreciated  Serv- 
ice Values  of  an  ActualProperty 
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per  cent  condition  77.0  per  cent — minimum 
per  cent  condition  35.0  per  cent. 
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As  far  as  the  point  just  made  goes,  most  writers  are  agreed, 
but  having  reached  that  conclusion  they  claim  that  the  property 
remains  at  a  certain  fixed  condition,  the  exact  per  cent  depending 
on  the  maintenance. 

It  is  perfectly  true  that  the  entire  property  will  not  have  to 
be  renewed  at  any  one  time  but  only  in  the  condition  where  there 
has  been  a  uniform  growth  over  a  term  of  years  corresponding 
to  the  life  of  the  property  (see  Table  I  and  Curve  I)  will  the 
property  reach  a  fixed  condition  and  remain  there  after  the  prop- 
erty has  stopped  growing.  Also,  as  long  as  a  property  is  growing 
whether  uniformly  or  otherwise,  there  will  be  a  variation  in  its 
per  cent  condition.  In  other  words,  there  is  an  obligation  to 
renew  varying  amounts  of  property  in  different  years  in  the 
future,  and  any  calculation  of  reserves  based  on  an  assumption 
that  because  of  perpetual  life  the  company  will  reach  a  stable 
condition  either  during  or  after  its  growth  is  entirely  incorrect. 

It  will  be  noticed  from  an  examination  of  the  tables  that  while 
the  property  is  growing,  the  per  cent  condition  is  decreasing,  the 
rate  of  decrease  varying  inversely  with  the  rate  of  growth.  When 
the  property  stops  growing  it  has  reached  a  certain  per  cent 
condition  and  thereafter  it  varies  between  that  condition  and 
some  other,  dependent  upon  the  manner  of  growth.  When 
the  growth  stops  the  property  may  be  at  a  minimum  per 
cent  condition,  as  in  Table  IV  and  Curve  IV,  where  there  has 
been  a  decreasing  rate  of  growth;  or  at  a  maximum  as  in  Table 
V  and  Curve  V  where  there  has  been  an  increasing  rate  of 
growth.  Table  IV  and  Curve  IV  show  that  the  property  will 
vary  between  30  and  53  per  cent,  while  Table  V  and  Curve  V 
show,  in  that  case,  a  variation  of  from  35  to  68  per  cent. 

From  the  above  figures  it  is  evident  that  each  property, 
should  it  stop  growing,  will  go  through  a  cycle  in  which  it  reaches 
a  certain  maximum  condition  less  than  100  per  cent,  this  max- 
imum condition  being  entirely  dependent  on  the  manner  of 
the  property's  growth. 

It  may  be  argued  that  the  writer  has  made  arbitrary  and  special 
assumptions  in  taking  cases  where  the  period  of  growth  cor- 
responds to  the  life  of  the  property,  but  both  Tables  II  and  V 
are  based  on  other  assumptions.  Besides  this,  it  is  worth  bear- 
ing in  mind  that  any  property  may  be  divided  into  a  series  of 
groups  in  which  the  investment  term  corresponds  to  the  life 
term,  and  that  each  of  these  groups  will  follow  a  condition  curve 
of  its  own.     For  a  complex  property,  therefor,  there  would  be 
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a  series  of  such  curves  which  would  give  a  resultant  one.  This 
resultant  curve,  however,  would  also  vary  over  a  considerable 
range.  This  is  borne  out  by  Curves  VI  and  VIII  of  actual 
properties. 

Since  it  will  never  be  necessary  to  renew  the  entire  property, 
some  of  the  reserve  necessary  to  return  it  to  the  100  per  cent 
condition  may  be  dispensed  with.  It  is  not  correct,  however, 
to  say  that  since  the  reserve  will  never  be  needed  it  should  not 
be  obtained.  The  stockholder  has  a  right  to  expect  that  his 
capital  be  kept  intact  at  100  per  cent.  How  then  is  the  reserve 
to  be  handled?    This  is  taken  up  as  the  third  point. 

There  are  three  conditions  which  may  be  used  as  divisions 
for  the  consideration  of  the  laying  aside  and  use  of  depreciation 
reserve.    These  are: 

1.  Company  growing  at  the  great  enough  rate  to  permit  the 
investment  of  all  the  reserve  in  extensions. 

2.  A  company  not  growing  at  a  great  enough  rate  to  permit 
the  investment  of  all  the  reserve  in  extensions. 

3.  A  company  which  is  not  growing. 

Take  the  first  case,  where  a  company  is  growing  at  a  great 
enough  rate  to  permit  the.  investment  of  all  the  reserve  in  ex- 
tensions. It  is  clear  that  the  annual  charge  for  depreciation  will, 
in  some  years  be  less,  and  in  some  years  more,  than  the  cost 
of  renewals.  Itl  those  years  that  the  cost  of  renewals  is  less 
than  the  charge  for  depreciation,  the  difference  may  be  invested 
in  extensions,  and  in  those  years  in  which  the  cost  of  renewals 
is  greater  than  the  depreciation  charge,  it  will  be  necessary 
to  issue  securities  with  the  extensions  made  from  reserve  as  a 
basis,  using  the  money  from  the  securities  for  the  renewals.  The 
securities,  however,  should  not  be  issued  to  an  amount  greater 
than  the  depreciated  value  of  the  extensions.  Wherever  the 
depreciation  reserve  is  invested  in  extensions,  it  is  necessary 
to  keep  a  careful  record  of  property  of  this  class.  It  is  essential 
that  separate  accounts  be  kept  for  capital  investment  and  re- 
serve investment.  The  trouble  in  the  past  was  that  no  attempt 
was  made  to  keep  them  separate. 

In  the  second  case,  where  the  company  is  not  growing  at  a 
great  enough  rate  to  permit  the  investment  in  extensions  of  the 
difference  between  depreciation  charge  for  the  year  and  renewals 
for  the  year,  and  in  the  third  case  where  the  company  has  stopped 
growing,  it  will  be  necessary  to  keep  the  surplus  of  annual 
aUowance  over  cost  of  renewal  for  certain  years,  in  a  liguid 
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reserve  fund,  so  as  to  be  able  to  make  up  the  deficiencies  in 
other  years.  That  some  money  must  be  so  kept  is  now  clear, 
for  point  one  shows  the  wide  fluctuations  in  per  cent  condition 
and  in  yearly  renewals.  How  much  must  be  so  kept  will  be 
discussed  under  point  four. 

At  present  it  is  interesting  to  consider  in  what  years  the  peak 
demands,  requiring  a  security  issue  for  the  first  case  and  a 
withdrawal  of  money  from  the  liquid  reserve  in  the  second  and 
third  cases,  will  fall.  In  any  complex  property  there  are  groups 
of  things  having  diflferent  costs  and  different  lives  installed  in 
the  same  and  different  years.  ^  If  the  cost  is  considered  as  ampli- 
tude, the  lives  as  frequency,  and  the  years  as  phase  displacement 
it  may  readily  be  seen  that  as  different  waves  come  intp  step 
and  pass  out  again,  peaks  and  valleys  will  occur.  In  order  to 
determine  the  variation  in  renewal  charges  it  will  be  necessary 
to  make  tables  and  plot  curves  of  the  future  renewals  in  each 
group.  These  curves  will  take  the  same  general  form  as  those, 
in  Curve  VI,  but  will  be  for  total  replacement  costs,  instead  of 
remaining  service  value  as  shown  there.  :  If  tables  are  once 
compiled  it  is  a  simple  matter  to  chapge  them  yearly  as  further 
extensions  are  made  in  the  various  groups.  By  following  such 
a  plan  it  will  be  easy  to  see  whether  or  not  adequate  provision 
is  being  made  for  the  handling  of  future  extensions  and  to  pre- 
dict in  what  years  it  will  be  necessary  to  issue  securities. 

As  described  in  the  introduction,  the  second  portion  of  point 
three  is  to  show  that  by  reinvesting  depreciation  reserve  in  ex- 
tensions, the  stockholders*  capital  is  kept  intact,  yet  the  depre- 
ciated value  of  the  property  is  the  fair  one  tor  rate  making 
purposes  both  from  the  point  of  view  of  the  consumer  and  the 
stockholder. 

Table  V  is  for  a  property  in  which  the  depreciation  reserve 
is  invested  in  extensions.  Let  us  consider  the  tenth  year. 
Here  the  total  expenditure  on  the  property  both  from  capital 
and  reserve  is  $25,120,  which  has  depreciated  to  $17,047.  This 
latter  sum  plus  $1953,  which  has  been  accumulated  in  the  depre- 
ciation reserve  during  the  past  year  and  which  as  yet  could  not 
be  reinvested,  gives  $19,000  the  capital  expenditure.  Therefor, 
with  the  exception  of  the  amount  ($1953)  accimiulated  in  the 
reserve  fund  during  the  current  year  and  not  yet  invested,  the 
depreciated  value  of  the  property' is  equal  to  the  capital  invest- 
ment. Omitting  for  the  time  being  the  question  of  allowing  a 
return  on  the  $1953  not  reinvested,  it  is  seen  that  allowing  a 
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return  on  the  depreciated  value  of  the  property  is  practically 
equivalent  to  allowing  a  return  on  the  original  investment. 
The  question  of  allowing  a  return  on  the  amount  held  £is  liquid 
depreciation  fund  (J"1953)  in  the  above  case  will  be  considered 
under  point  five.  This  procedure  described  above,  is  therefor 
fair  to  the  consumer,  for  he  is  paying  a  return  on  the  value  of 
the  property  in  use,  and  it  is  fair  to  the  stockholder  for  he  is 
earning  a  return  on  his  original  capital. 

The  fourth  point  is  to  show  that  for  a  company  which  has 
stopped  growing  or  for  one  which  is  growing  at  a  rate  not  large 
enough  to  use  all  of  the  depreciation  reserve  for  reinvestment 
in  extensions,  it  will  be  necessary  to  have  a  continually  varying 
amount  in  a  liquid  depreciation  reserve  fund  and  that  this  amount 
will  fluctuate  in  a  manner  depending  upon  the  company's  growth. 

Table  V  shows  the  condition  for  a  property  which  has  ceased 
to  grow  after  ten  years.  At  the  end  of  the  tenth  year  there  are 
$1953  in  the  reserve.  The  sum  laid  aside  annually  for  depre- 
ciation after  that  is  $1884,  yet  owing  to  the  fact  that  the  company 
has  grown  faster  at  one  time  than  at  another,  in  some  years 
there  will  be  less  than  $1884  used  for  renewals  and  in  some  years 
more.  The  effect  of  this  is  to  accumulate  a  fund  over  a  certain 
period  of  years  which  is  used  over  another  period  of  years. 
Thus,  starting  with  $1953  in  the  tenth  year,  the  fund  reaches  a 
maximum  of  $10,149  in  the  twenty-fourth  year;  after  which  it 
decreases  to  $1953  again  in  the  thirtieth  year.  This  is  graphically 
shown  in  Curv-e  V.  It  is  evident  that  since  the  $1953  will  never 
be  used  as  far  as  renewal  purposes  go,  it  may  as  well  be  returned 
to  the  stockholders.  Since  it  is  assumed  that  the  company 
has  stopped  growing,  the  hypothesis  precludes  the  possibility 
of  using  it  for  extensions  and  it  should  therefor  be  returned  to 
the  stockholders  in  the  form  of  cash.  It  should  be  clearly 
understood  by  the  stockholders  that  this  is  a  return  of  capital 
and  not  a  dividend  payment. 

Curve  V  is  for  the  conditions  assumed  for  this  particular 
case.  Any  other  manner  of  growth  would  give  a  different  curve. 
In  order  to  tell  for  any  other  property  just  what  accumulation 
would  take  place  and  to  determine  how  much,  if  anything,  may 
be  returned  to  the  stockholders  because  it  will  never  be  used,  it 
would  be  necessary  to  make  a  study  similar  to  the  one  shown. 

It  is  not  very  difficult  to  see  that  for  a  company  which  is 
growing,  but  at  a  rate  too  small  to  use  all  the  reserve,  that  portion 
of  the  reserve  which  is  not  invested  in  extensions  and  betterments 
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will  bear  the  same  relation  to  the  renewals  as  the  entire  fund  does 
in  the  case  where  the  company  is  not  growing  at  all.  That  is, 
there  will  be  an  accumulation  curve  for  the  liquid  reserve  which 
will  be  similar  to  the  curve  for  a  non-growing  property. 

In  either  case  there  will  be  a  necessity  for  a  liquid  depre- 
ciation reserve  for  renewals  and  this  reserve  will  vary  from  year 
to  year.  This  fluctuation  may  be  likened ,to  the  storage  of  energy 
in  a  flywheel.  Just  as  there  is  no  way  to  remove  the  energy  from 
the  flywheel  except  by  stopping  it,  so  there  is  no  way  of  avoid- 
ing the  fund  as  long  as  it  is  desired  to  make  the  renewals  as  they 
fall  due.  While  the  energy  is  stored  in  the  flywheel  it  is  of  no 
direct  use;  yet  it  would  be  impossible  to  run  the  engine  without 
a  flywheel.  The  energy  must  be  so  stored  to  make  it  instantly 
available.  The  depreciation  fund  must  also  be  stored  to  make  it 
instantly  available. 

The  fifth  point  is  to  show,  that  since  such  a  liquid  depre- 
ciation reserve  may  be  necessary  for  a  growing?  company  and 
will  be  necessary  for  a  company  which  has  ceased  to  grow,  that 
the  same  return  should  be  allowed  on  such  a  reserve  as  on  any 
other  capital  invested  in  the  property,  and  that  such  return 
should  be  available  for  dividends,  provided  that  the  cost  new, 
less  depreciation  is  to  be  used  as  a  basis  for  rate  making. 

Before  trying  to  prove  this  point,  the  following  decisions  are 
given  to  show  the  stand  taken  in  some  cases  in  regard  to  this 
matter.  The  Nebraska  State  Railway  Commission  says  in 
Re  Application^  of  the  Lincoln  Telephone  and  Telegraph  Com- 
pany, for  aiithority  to  increase  rates  (A.  T.  &  T.  Co.,  Com.  L.134 
June  26,  1913,  Nebraska  State  Railway  Commission)  "It  will 
ateo  be  the  policy  of  the  Commission  to  expect  of  the  corporation 
that  it  shall,  so  far  as  possible,  use  the  depreciation  funds  .... 
in  making  extensions  and  betterment  of  the  plant.  Such  part 
of  the  plant  as  is  represented  by  the  investment  from  the  de- 
preciation reserve  shall  be  permitted  to  earn  the  same  ratio  of 
return  as  the  stockholders'  investment,  but  neither  such  reserve 
fund  nor  the  earnings  therefrom  shall  be  available  as  dividends 
to  stockholders,  or  for  any  other  purposes  than  those  set  out." 

In  this  decision  the  commission  allows  a  return  but  it  seems 
to  consider  the  reserve  as  a  sinking  fund,  the  returns  on  which 
must  be  put  into  the  fund.  Further,  it  differentiates  between 
investment  from  reserve  and  stockholders'  investment  as  though 
the  depreciation  reserve  were  not  also  stockholders'  investment. 

In  the  Louisville  and  Nashville  R.  R.  Co.  v.  Railroad  Commis- 
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sion  of  Alabama  the  special  master  says  (U.  S.  Circuit  Co., 
Middle  Dist.  of  Alabama.  Report  of  Wm.  A.  Gunther,  Special 
Master  in  Chancery,  1911)  *The  defendants  further  insist  that 
interest  should  be  allowed  on  the  balance  in  the  replacement 
account.    It  is  a  mistake  to  suppose  that  such  a  charge  is  proper." 

Also  in  the  case  of  the  Louisiana  R.  R.  Conmiission  vs.  Cum- 
berland Telephone  Co..  (212  U.  S.  425)  the  Court  says:  'That 
it  was  right  to  raise  more  money  to  pay  for  depreciation  than 
was  actually  dispersed  for  the  particular  year  there  can  be  no 
doubt,  for  a  reserve  is  necessary  in  any  business  of  this  kind,  and 
so  it  might  accumulate,  but  to  raise  more  than  money  enough 
for  the  purpose  and  place  a  balance  to  the  credit  of  capital  upon 
which  to  pay  dividends  cannot  be  proper  treatment." 

There  are  two  chief  arguments  against  allowing  a  return  on 
the  depreciation  fund.  The  first  applies  only  to  that  portion 
which  is  not  invested  in  extensions.  It  is  to  the  effect  that 
since  the  fund  is  lying  idle,  bringing  no  return,  or  is  at  best 
invested  in  bonds  bringing  a  low  return,  that  this  is  all  the  return 
to  which  it  is  entitled.  The  second  argument  applies  either  to 
the  case  where  there  is  a  liquid  reserve  or  the  reserve  is  invested 
in  extensions.  It  is  to  the  effect  that  since  the  money  for  the 
reserve  is  furnished  by  the  consumer,  he  should  not  further  be 
required  to  pay  a  return  on  it. 

Taking  the  second  argument  first.  The  whole  discussion 
hinges  to  a  large  extent  on  the  question  as  to  whether  or  not  the 
stockholder  may  expect  that  his  capital  be  kept  intact  at  100 
per  cent.  How  many  men  would  go  into  a  business  of  any  kind 
if  they  could  not  make  enough  to  replace  their  capital  goods  as 
they  wore  out  and  besides  earn  a  return  on  their  investment? 
That  all  businesses  do  not  do  this  does  not  alter  the  fact  that  they 
expect  to  do  so  when  they  start.  The  recognition  of  depreda- 
tion and  the  allowance  therefor  is  in  itself  an  acknowledgment 
of  the  correctness  of  keeping  the  capital  intact. 

The  capital  which  is  wasting  away  is  certainly  the  capital  of 
the  stockholder.  He  uses  up  his  capital  in  the  service  of  the 
consumer  and  the  consumer  replaces  the  capital  so  used.  The 
consumer  is  making  a  just  restitution.  He  is  replacing  something 
which  originally  belonged  not  to  him  but  to  some  one  else.  Why 
then  should  the  replaced  capital  have  a  different  status  from  the 
original?  It  should  not.  The  capital  in  a  depreciation  reserve 
fund  should  be  treated  the  same  as  any  other  capital.  It  should 
be  allowed  the  same  return  and  for  the  same  purposes. 
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Some  argue  that  since  the  depreciation  fund  is  lying  idle  {i.e. 
that  portion  not  invested  in  extensions)  or  at  best  is  invested 
where  it  brings  only  a  low  return,  it  is  not  entitled  to  more  than 
it  can  earn.  But  is  it  lying  idle?  It  has  been  shown  that  for 
any  other  than  a  growing  company  which  can  invest  the  entire 
reserve  in  extensions,  there  will  necessarily  be  a  continually 
varying  amount  in  the  liquid  reserve.  Besides  this,  even  a 
growing  company  will  have  to  carry  from  year  to  year  some  of  the 
fund  which  it  cannot  reinvest  at  once.  Is  the  depreciation 
reserve  not  just  as  necessary  a  part  of  the  business  as  the  working 
capital,  of  which  there  must  always  be  a  more  or  less  fluctuating 
excess  earning  a  low  return,  but  whidi  no  one  denies  is  entitled 
to  the  same  rate  of  return  as  the  capital  actually  invested  in 
useful  physical  property?  Is  the  liquid  reserve,  which  is  the 
stockholders'  capital,  not  a  guarantee  to  the  consumer  that  the 
property  will  be  maintained  in  first  class  operating  condition 
and  so  give  him  the  best  of  service?  It  may  be  said  that  he  has 
a  right  to  expect  good  service,  but  most  people  when  not  con- 
sidering a  public  utility  are  willing  to  pay  extra  for  good  service. 
Thus,  under  competitive  conditions  a  company  which  kept 
no  reserve  could  give  service  at  a  lower  rate  than  one  which  did, 
but  it  would  be  neither  as  good  nor  as  reliable  as  that  furnished 
by  a  company  which  kept  a  reserve.  Would  the  public  not  be 
willing  to  pay  for  the  greater  reliability  and  better  service? 

No  one  questions  the  fairness  of  the  proposition  that  the 
company  be  made  to  pay  interest  on  deposits  of  consumers,  yet  in 
viewing  that  question  the  only  consideration  is  that  the  consumer 
is  deprived  of  the  use  of  his  money  and  should  receive  a  recom- 
pense for  it.  The  corporation's  use  of  his  money  is  not  thought 
of  for  a  moment  in  deciding  whether  or  not  such  a  charge  is  fair. 
To  be  sure,  the  company  may  devote  it  to  a  profitable  use,  but 
assuming  that  the  company  was  not  on  a  paying  basis  would 
that  in  any  way  alter  its  obligation  to  pay  interest  on  the  deposit? 
The  stockholder  is  in  much  the  same  position  as  the  consumer 
described  above.  He  is  deprived  of  the  use  of  some  of  the  money ; 
but  why  should  there  be  any  further  consideration  of  the  justness 
of  allowing  him  a  return,  regardless  of  what  the  corporation 
does  with  his  money  within  legitimate  limits,  than  there  is  in 
the  case  of  the  consumer?  If  the  argument  is  to  be  that  the  funds 
are  lying  idle  would  it  not  be  just  as  fair  on  the  part  of  the  corpor- 
ation to  say  "Because  the  consumers*  deposit  will  never  have 
to  be  paid  back  in  a  lump  sum,  we  will  use  them  in  our  deprecia- 
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tion  reserve  and  since  it  is  lying  idle  we  will  have  to  pay  no 
interest  on  the  deposits"?    What  a  howl  would  go  up! 

To  bring  out  the  point  still  more  clearly,  refer  again  to  Table 
V.  Suppose  that  an  appraisal  were  made  in  the  twenty-first 
year  when  the  property  was  in  a  39  per  cent  condition.  It 
would  be  unfair  to  base  rates  on  the  $9783  which  is  the  corres- 
ponding value  of  the  property,  when  it  is  known  that  as  the 
renewals  are  made  the  per  cent  condition  will  go  up  as  high  as 
68.  Under  this  scheme  the  rates  would  depend  entirely  upon 
the  condition  of  the  property  in  the  year  it  was  appraised  and 
there  can  be  no  question  as  to  the  unfairness  of  such  a  pro- 
ceeding. The  rates  should  be  based  on  the  depreciated  value 
of  the  property  in  any  year  plus  the  amount  in  the  depreciation 
reserve,  provided  only  that  the  sum  is  not  greater  than  the  original 
capital  expenditure. 

In  conclusion  it  may  be  said  (1)  No  matter  how  large  a  property 
is,  it  will  not  necessarily  come  to  any  fixed  per  cent  condition 
nor  anywhere  near  it.  (2)  The  per  cent  condition  of  any  propert> , 
the  amount  in  the  reserve  fund,  and  the  rise  of  the  reserve  fund 
depend  upon  the  past,  present,  and  future  growth  of  the  company, 
and  that  these  conditions  and  their  relations  should  be  studied 
for  any  property  whether  a  public  utility  or  a  private  corporation. 
(3)  Rates  should  be  based  upon  the  depreciated  value  of  the 
property  plus  the  amount  in  the  depreciation  reserve  as  long 
as  the  sum  is  not  greater  than  one  hundred  per  cent  of  the  total 
capital  investment. 
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Discussion  on  "The  Effect  of  Recent  Decisions  on  the 
Work  of  Inventory  and  Appraisal''  (Betts),  "Con- 
TiNOUs  Inventories:  Their  Preparation  and  Value" 
(Carver,)  "Growth  and  Depreciation"  (Loebenstein), 
New  York,  November  10,  1916. 

W.  B.  Jackson:  I  have  been  very  much  interested  in  this 
matter  of  detailed  inventories  and  appraisals,  and  of  the  need  of 
our  electric  properties  and  companies  making  the  accounting  of 
materials  and  plant  coextensive,  if  I  may  put  it  that  way,  with 
the  accounting  of  the  money  elements. 

I  believe  that  a  detailed  inventory  and  cost  record  of  a  public 
service  property  is  valuable  in  giving  to  those  in  charge  of  the 
property  a  visualization  of  the  property  which  they  cannot 
obtain  in  any  other  way,  both  from  the  purely  physical  point 
'of  view  and  from  the  point  of  view  of  the  spread  of  the  cost 
over  the  property.  Also  it  gives  an  exceptionally  fine  record 
by  which  to  obtain  the  proper  in  and  out  charge  in  case  of 
changes  and  improvements. 

I  believe  that  a  careful  record  of  ages  should  be  kept  of  all 
property,  for  statistical  purposes,  but  I  do  not  believe  that  a 
so-called  **depreciated  value"  or  an  estimated  remaining  useful 
life  should  be  carried  along  as  a  part  of  the  inventory  and  ap- 
praisal record,  because  it  is  likely  to  become  seriously  mislead- 
ing, inasmuch  as  the  estimated  useful  lives  of  the  different  parts 
of  the  property  change  as  the  months  go  by,  almost  as  the  days 
go  by,  and  as  they  change,  so  change  the  estimated  depreciated 
values. 

The  Wells  Power  Company,  which  is  now  operated  by  the 
Milwaukee  Electric  Railway  and  Light  Company,  the  opera- 
tions of  which  were  directed  by  my  firm  for  many  years,  carries 
a  fully  detailed  inventory  and  cost  record  of  its  property.  The 
records  are  in  full  detail,  and  as  changes  are  made  they  are 
entered  upon  change  sheets  in  like  detail  with  the  inventory. 
The  change  sheets  cover  the  period  of  a  year,  at  the  end  of  which 
period  the  inventory  is  readily  brought  to  date.  These  records 
are  considered  highly  valuable  by  the  managers  of  the  Wells 
Power  Company  and  the  Milwaukee  Electric  Railway  and  Light 
Company. 

Mr.  Loebenstein's  paper  is  more  than  anything  else  a  demon- 
stration of  the  extremely  uncertain  features  of  so-called  ''accrued 
depreciation,"  and  of  the  serious  danger  in  making  it  an  im- 
portant factor  in  determining  the  value  of  a  property.  In  his 
consideration,  he  has  taken  the  simplest  possible  assumptions, 
which  do  not  agree  with  practical  experience,  and  draws  there- 
from direct  conclusions.  Even  with  this  relatively  simple  and 
academic  handling  of  the  subject,  it  is  easy  to  see  the  uncer- 
tainty of  the  results  arrived  at.  He  has  divided  the  property 
into  classes  of  units,  each  class  being  assigned  a  useful  life,  and 
they  are  treated  as  though  they  would  actually  behave  as  they 
are  assumed  to  behave,  but  they  will  not  do  so.     Take,  for  ex- 
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ample,  a  plant  having  four  small  steam  turbine  generators,  to 
which,  for  illustration  we  may  assign  twenty-five  years*  useful 
life.  There  is  not  the  least  chance  that  these  units  actually 
comply  with  our  asstunption.  At  the  end  of  ten  years  two 
might  be  displaced  by  a  larger  or  improved  unit,  and  after  a 
while  one  or  two  more,  and  so  on. 

Let  us  consider  another  quite  different  character  of  property, 
such  as  wood  poles.  It  is  possible  that  fifteen  years'  useful  life 
may  be  assigned  to  them.  The  useful  life  of  wood  poles,  per  se, 
may  vary  from  six  years  to  twenty  years,  and  the  character  of 
ground  in  which  the  poles  are  set  may  cause  a  variation  of  100 
per  cent  or  more  in  a  fairly  large  system.  And  so  we  might 
analyze  each  class  of  property. 

Thus,  when  we  superimpose  the  uncertainties  and  complica- 
tions arising  from  the  variables  which  are  found  in  practise  upon 
Mr,  Loebenstein's  complex  but  relatively  simple  computations, 
we  have  a  result  upon  which  one  certainly  cannot  predicate 
values  with  any  reasonable  degree  of  confidence. 

Let  me  state,  however,  before  closing,  that  where  there  are  no 
figures  developed  from  actual  operation,  the  best  estimate  of  the 
amount  of  annual  appropriation,  over  and  above  current  main- 
tenance and  repairs,  that  is  necessary  for  deferred  maintenance 
and  renewals,  can  be  obtained  by  the  use  of  methods  in  the 
general  line  of  those  outlined  by  Mr.  Loebenstein,  but  such  year 
by  year  estimates,  which  may  and  should  be  revised  periodically, 
are  very  different  from  formally  predicating  the  value  of  the 
property  on  figures  dependent  upon  such  calculations. 

G.  W.  Whittemore:  In  the  consideration  of  this  subject  it 
may  be  worth  the  few  moments  necessary  briefly  to  recall  the 
several  meanings  of  the  term  ''depreciation",  as  it  is  generally 
used. 

In  Webster's  Dictionary  the  word  depreciation  is  given  two 
meanings,  viz: 

1st  **The  act  or  process  of  depreciating",  that  is,  the  lessening 
in  value  of  one  kind  or  another. 

2nd  "The  condition  of  being  depreciated",  or  of  having  suf- 
fered a  loss  in  value. 

An  act  or  process  may  differ  from  a  state  or  condition  merely 
as  a  cause  differs  from  its  effect.  Yet  the  two  meanings  in  this 
case  are  so  lacking  in  identity,  and  the  methods  of  expressing  or 
measuring  them  so  far  apart,  that  the  distinctions  to  be  made 
in  the  unqualified  term  depreciation  must  be  kept  clear. 

In  the  practical  problems  involved  in  the  management  of  pub- 
lic and  other  utility  properties,  and  in  the  consideration  of  the 
former  by  regulatory  bodies,  both  of  these  branches  of  the  sub- 
ject of  depreciation  have  been  dealt  with  under  various  designa- 
tions.    Among  the  more  common  of  such  designations  are: 

Anticipated  Depreciation,  Theoretical  Depreciation,  or  the  Ex- 
pense of  Depreciation : 

To  the  act  or  process  of  depreciation,  as  mentioned  above, 
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corresponds  the  preceding  terms  which  are  frequently  used  to 
denote  this  first  branch  of  the  subject. 

As  the  term  ''anticipated  depreciation"  indicates,  it  implies 
the  recognition  of  the  fact  that  as  time  goes  on,  all  property,  as 
a  rule,  loses  value,  or  suffers  a  reduction  in  the  total  quantity 
of  service  of  which  it  was  initially  capable.  We  are  accustomed 
to  refer  to  permanent  improvements  and  fixed  capital.  Strictly 
speaking,  no  improvements  are  permanent  and  no  capital  is 
fixed.  Such  property  is  permanent  or  fixed  only  in  a  relative 
sense,  and  in  comparison  with  other  forms  of  property  of  shorter 
life.  Ultimately,  all  property  used  by  a  company  or  an  indi- 
vidual in  his  business,  except,  generally  speaking,  land  itself,  is 
destined  to  ultimate  retirement.  '^Repairs  may  postpone  but 
cannot  prevent  such  an  outcome." 

From  this  point  of  view  the  locomotive  used  in  hauling  a  train 
is  property  constimed  in  operation,  just  as  much  as  is  the  coal 
burned  by  the  locomotive.  The  element  of  time  is  the  only 
difference  in  the  two  cases.  The  coal  may  last  a  few  hours. 
The  locomotive  may  last  many  years.  Eventually,  both  disap- 
pear as  elements  of  cost  in  the  conduct  of  the  business. 

Anticipated  depreciation,  considered  quantitatively,  is  there- 
fore an  attempt  to  forecast  the  amount  or  proportion  of  the 
reduction  in  its  initial  value  that  will  disappear  from  a  property 
while  ownership  is  retained.  In  other  words,  what  is  to  be  the 
total  loss  suffered  during  the  process  of  depreciating. 

Whether  such  loss  is  taken  as  occurring  uniformly  or  not  is  a 
subordinate  question.  In  any  event,  the  final  effect  is  the  same; 
viz.,  the  full  amount  of  the  anticipated  depreciation  is  lost  or 
consumed  in  the  conduct  of  the  business. 

Such  predictions  as  to  the  proportionate  amount  of  loss  vary, 
of  course,  for  each  class  of  property.  They  are  estimates,  and 
must  all  necessarily  be  based  upon  the  accumulated  experience 
of  the  past,  and  upon  forecasts  of  the  effects,  each  in  its  proper 
proportion,  of  the  various  influences  recognized  as  tending  to 
reduce  the  useful  life  of  the  particular  portions  of  property  under 
consideration. 

The  point  to  be  borne  in  mind,  as  differentiating  this  antici- 
pated from  the  other  forms  of  depreciation,  is  that  it  is  an  at- 
tempt to  look  into  the  future  and  evaluate  what  such  future  may 
have  in  store. 

Quite  frequently,  the  term  theoretical  depreciation  has  been 
used  in  the  sense  in  which  anticipated  depreciation  has  just  been 
employed.  The  use  of  this  term  theoretical,  however,  would 
seem  to  offer  some  chance  for  misapprehension.  Oftentimes  the 
word  theoretical  is  employed  to  contrast  what  is  possible,  but 
not  likely,  with  what  is  real  and  certain.  There  is  no  doubt, 
however,  about  the  reality  and  inevitability  of  this  anticipated 
or  theoretical  depreciation.  The  only  uncertainty  connected 
with  the  subject  is  just  how  long  the  limited  (and  not  im- 
limited),  period  of  usefulness  of  the  particular  property  in  mind 
will  continue.  C  c^c^n\o 
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In  place  of  the  term  anticipated  or  theoretical  depreciation, 
when  the  reference  is  to  the  act  or  process  of  depreciating,  the 
uniform  system  of  accounts  prescribed  by  the  Interstate  Com- 
merce Commission  for  the  use  of  the  telephone  and  telegraph 
companies,  employs  the  term,  the  **expense  of  depreciation." 
Therein  these  words  are  defined  as  follows: 

(a)  The  losses  suffered  through  lessening  in  value  of  the 
tangible  property  from  wear  and  tear  that  are  not  covered  in 
any  prescribed  account  covering  current  repairs. 

(b)  Obsolescence  or  inadequacy  resulting  from  age,  physical 
change  or  supercession  by  reason  of  any  inventions  or  discoveries, 
change  in  public  demand  or  public  requirements;  and 

(c)  Losses  suffered  through  destruction  of  property  by  ex- 
traordinary casualties. 

The  companies  referred  to  are  compelled  to  include  in  their 
operating  expenses  amounts  deemed  sufficient  to  cover  the  an- 
ticipated losses  of  the  character  above  mentioned,  and  thereby 
create  proper  reserves  to  recoup  themselves  when  such  losses 
occur. 

Otherwise  expressed,  the  particular  class  of  expenses  compre- 
hended under  the  term  of  "expense  of  depreciation*'  are  those  for 
major  repairs,  replacements,  or  retirements,  which  experience 
shows  will  have  to  take  place  in  any  given  property  over  and 
above  those  current  minor  repairs  which  must  constantly  be  met. 

Sometimes,  as  a,  convenient  method  of  indicating  the  present 
expectations  as  to  the  lasting  qualities  of  any  portion  of  a  par- 
ticular property,  this  expense  of  depreciation  is  associated  with, 
or  expressed  in  terms  of  anticipated  life  of  such  same  property. 
Those,  however,  who  adopt  this  view  should,  of  course,  make 
careful  distinction  between  what  can  be  regarded  as  the  gross 
rate  at  which  a  property  is  depreciating,  and  what  may  be  called 
its  net  rate  of  depreciation.  Suppose,  as  has  been  done  in  the 
examples  used  in  Mr.  Loebenstein's  paper,  that  the  expense  of 
depreciation  is  taken  at  10  per  cent  per  annum.  This  means 
that  in  the  course  of  10  years  it  is  expected  that  100  per  cent  of 
the  first  cost  of  the  property  will  have  been  charged  against  it 
under  the  head  of  theoretical  depreciation  or  expense  of  depre- 
ciation. Suppose,  however,  that  the  property  in  question,  say 
a,  particular  machine,  is  from  time  to  time  the  subject  of  renewals 
or  replacements  of  parts  of  the  machine,  resulting,  let  us  assume, 
in  drafts  upon  the  reserve  for  depreciation,  amounting,  on  an 
average  to  5  per  cent  per  annum  of  the  first  cost  of  the  property. 
The  actual,  or  net,  average  rate  of  depreciation  for  the  property 
would  therefore.be  5  per  cent,  and  the  resulting  anticipated  lift 
of  such  a  prpperty  would  become  20  years,  and  not  10  years. 

Accrued  Depreciation  and  Structural  Value:  Corresponding 
with  the  second  branch  of  the  definition  above  mentioned,  viz., 
the  state  or  condition  of  being  depreciated,  are  the  other  temis 
generally  used  when  reference  is  made  to  this  branch  of  the 
general  subject  of  depreciation;  viz.,  the  present  depreciated 
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condition  or,  as  the  accounting  system  mentioned  above  terms  it, 
the  * 'structural  value'*  of  a  property.  These  terms  take  into  ac- 
count such  accrued  depreciation  as  may  be  determined  upon  as 
actually  existing  in  any  particular  plant.  As  thus  used,  accrued 
depreciation  is,  therefore,  an  attempt  to  measure  past  effects,  as 
anticipated  depreciation  is  to  forecast  future  ones.  The  former 
undertakes  to  state  what  shrinkage  in  value  can,  as  a  fact,  be 
found  in  any  property  not  new.  The  latter  endeavors  to  predict 
the  amount  of  loss  that  will  still  take  place  in  any  property  and,  . 
to  the  extent  that  the  same  can  be  approximated,  the  period  of 
time  over  which  such  losses  will  be  spread. 

Perhaps  the  distinction  which  it  is  important  should  be  recog- 
nized between  the  act  or  process  of  depreciating,  whether  call^ 
anticipated  or  theoretical,  or  the  expense  of  depreciation,  and  the 
state  or  condition  of  being  depreciated,  as  covered  by  the  exist- 
ing accrued  depreciation  of  any  property,  whether  physical  or 
functional,  can  best  be  obtained  from  the  apcounting  point  of 
view  as  shown  in  the  prescribed  system  of  accounts  already 
mentioned.     Therein  it  is  clearly  shown  that: 

(a)  The  expense  of  depreciation,  or  its  equivalent  terms, 
refers  to  the  future;  accrued  depreciation  to  the  past. 

(b)  The  expense  of  depreciation  is  concerned  with  the  oper- 
ating expense  accounts;  accrued  depreciation  with  the  fuced 
capital  accounts. 

(c)  The  measure  of  the  expense  of  depreciation  is  that  best 
estimate,  based  upon  experience,  that  can  be  made  as  to  the  rate 
at  which  it  seems  likely  capital  will  be  consiuned  in  operations 
in  the  future;  the  measure  of  accrued  depreciation  the  best  esti- 
mate possible  to  make  of  what  amount  of  such  capital  consump- 
tion has,  as  recognizable  facts,  already  occurred  in  the  plant  as 
it  exists  at  the  time  of  the  inquiry. 

(d)  The  time  to  which  such  expense  of  depreciation  is  to 
apply  is  the  remaining  life  of  the  physical  property;  accrued  de- 
preciation to  its  expired  life.  During  each  such  year  that  the 
property,  or  any  portion  thereof,  will  continue  in  use,  the  effort 
is  to  assess  the  company's  earnings,  in  the  form  of  an  expense  of 
depreciation,  such  uniform  amount  as  will  distribute,  as  nearly 
as  may  be,  evenly  throughout  the  life  of  the  depreciating  prop- 
erty, the  burden  of  repairs  (exclusive  of  current  repairs  for  which 
provision  is  made  under  another  account)  and  the  costs  of  capital 
consumed  in  operations. 

Both  branches  of  the  subject  of  depreciation  into  which  it  has 
been  above  divided  are  involved  in  appraisals  and  in  rate  investi- 
gations before  commissions  and  courts. 

One  of  the  questions  asked  by  commissions  about  any  prop- 
erty whose  fair  value  they  may  be  trying  to  determine  is  this — 
"What  is  the  reproduction  cost,  new,  of  such  property?*'  Such 
question  being  assumed  to  have  been  satisfactorily  answered,  the 
cotnmission  can  then  be  regarded  as  saying  something  like  this. 
*'We  have  now  been  told  what  the  property  wpuld  cpst  if  ere- 
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ated  at  this  general  time,  and  if  it  were  all  new.  As  a  matter 
of  fact,  we  know  it  is  not  all  new.  Let  tis  remove  this  limitation 
as  to  newness.  Now  advise  us  as.  to  how  much  less  valuable 
this  property  may  be,  from  the  standpoint  of  how  much  less 
quantity-of-service  of  a  proper  quality  it  may  contain,  than 
would  be  a  property  entirely  new. 

The  diflference  between  the  two  amounts,  as  understood,  would 
be  the  accrued  depreciation  that  could  be  said  to  reside  in  such 
property,,  and  which  question  was  raised  in  the  Idaho  case  re- 
ferred to  by  Dr.  Betts  in  his  paper. 

Besides  wishing  to  ascertain  the  accrued  depreciation  in  any 
particular  property,  the  courts  and  commissions  are  also  inter- 
ested in  those  portions  of  the  company's  expenses  which  it  may 
b^  charging  against  earnings  under  the  heading  of  the  expenses 
of  depreciation,  or  the  utility's  estimate  of  the  average  rate  at 
which  the  process  of  depreciating  is  in  progress  in  the  different 
parts  of  the  utility's  property. 

To  give  this  information  to  the  regulatory  bodies,  special  ac- 
counts have  been  set  up  under  the  prescribed  accounting  sjrstem. 
These  show  the  results  of  any  schedule  of  estimated  rates  of 
depreciation  expenses  adopted  by  the  utility.  They  indicate, 
likewise,  the  drafts  or  charges  being  made  from  time  to  time 
against  the  reserve  for  depreciation  resulting  from  such  expense 
of  depreciation  charges. 

Examinations  of  these  accounts  made  by  the  regulatory  body, 
or  of  the  annual  or  other  reports  in  which  they  are  embodied,  will 
indicate  the  rate  at  which  such  reserves  may  be  accumulating, 
or,  on  the  other  hand,  failing  to  accumulate.  They  also  show  the 
extent  to  which  the  appropriations  for  depreciation  expense  may 
have  actually  been  meeting  the  particular  biu-dens  of  major 
repairs,  replacements  or  retirements  of  property  which  they  are 
designed  to  cover,  as  indicated  by  the  charges  which  may  have 
been  made  against  the  depreciation  reserve. 

In  Mr.  Loebenstein's  tables  and  curves  both  phases  of  de- 
preciation as  above  indicated  are  taken  into  account,  the  expense 
of  depreciation  being  equivalent  to  what  Mr.  Loebenstein  refers 
to  as  ''increments  to  the  depreciation  fund,"  while  the  present 
depreciated  value  or  structural  value  corresponds  to  the  per  cent 
condition  referred  to  in  the  same  tables. 

In  determining  what  may  be  a  proper  expense  for  depreciation 
and,  consequently,  what  may  be  the  net  rate  at  which  a  property 
is  estimated  as  progressing  toward  a  depreciated  condition,  a 
number  of  important  factors  must  be  taken  into  account.  One 
of  these  factors  is  the  element  of  growth.  In  some  of  the  simpler 
cases,  those  in  which  this  factor  is  the  only  one  at  work,  the 
curves  and  tables  shown  by  Mr.  Loebenstein  are  intended  to 
indicate  what  the  results  of  a  uniform  expense  of  depreciation 
applied  to  a  growing  property  would  be  upon  the  reserve  for 
depreciation  and  the  computed  present  condition  of  such  prop- 
erty. For  cases  such  as  this  the  element  of  growth  is  shown  to 
have  a  marked  offect.  C^  r\r\rAo 
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Generally  speaking,  it  is  believed  that  the  influence  of  growth 
on  the  problems  of  depreciation  is  often  not  taken  into  sufficient 
account.  Any  property,  particularly  one  of  the  composite 
character  usually  met  with  in  actual  cases,  and  one  which  is 
the  subject  of  considerable  and  frequent  additions  of  new  ele- 
ments, obviously  will  maintain  a  condition  nearer  newness  than 
would  a  property  not  receiving  such  additions;  so  that,  with 
respect  to  the  depreciated  condition  of  a  property,  either  as  to 
a  particular  time  or  as  an  average  condition  for  any  period, 
growth  must  be  taken  into  account. 

But,  furthermore,  if  any  attempt  to  test  the  reserve  for  de- 
preciation as  a  ratio  of  the  total  plant  in  existence  at  the  present 
time  be  adopted,  the  element  of  growth  must  here  also  be  given 
its  due  weight.  The  amount  in  any  reserve  of  depreciation  is 
the  result  of  the  schedule  of  rates  for  the  expense  of  depreciation 
which  may  have  previously  been  in  effect,  and  which  rates  have 
been  applied  to  property  previously  in  existence.  Any  drafts  or 
charges  which  have  been  made  against  such  reserves  have,  as  a 
general  proposition,  been  on  account  of  property  old  enough  to 
have  reached  a  condition  where  major  repairs,  replacements, 
renewals,  etc.  have  become  necessary.  Properly,  therefore,  the 
amount  in  such  reserves  should  be  related,  as  a  ratio,  only  to 
that  property  which  was  in  existence  when  such  reserve  was  be- 
ing accumulated.  To  refer  such  a  reserve,  so  accumulated,  to 
an  entire  property  which  might,  perhaps,  include  recent  addi- 
tions, would  result  in  a  lower  percentage  of  reserve  to  any  plant 
than  would  have  been  the  case  if  the  ratio  had  been  obtained 
before  the  additions  referred  to  had  been  made.  In  other  words, 
unless  the  element  of  growth  be  taken  into  a  proper  account,  any 
comparison  of  reserve  for  accrued  depreciation  to  the  total 
present  property,  or  any  comparison  of  the  effects  of  any  par- 
ticular schedule  of  depreciation  expense  rates  to  charges  being 
made  to  the  reserve  for  realized  depreciation  to  cover  concurrent 
major  repairs,  replacements,  retirements,  etc.  may  lead  one  into 
serious  error. 

Other  elements  beside  growth  have  their  effect  upon  depre- 
ciation in  one  of  its  phases  or  the  other,  and,  as  such,  should  be 
given  their  proper  weight.  Among  such  other  influences  might 
be  mentioned  any  tendency  which  may  be  present  to  substitute 
the  longer  lived  elements  of  a  plant  for  the  shorter  lived  ones  now 
in  place;  another  one  might  be  improvements  in  design  or  engi- 
neering which  would  permit  of  necessary  growth  or  enlargements 
without  as  extensive  removals  of  previously  existing  plant  as  had 
before  been  necessary.  Other  influences  might  also  be  men- 
tioned which  would  have  their  effect,  either  upon  the  expense  of 
depreciation,  or  upon  the  accrued  depreciation  at  any  time  in  a 
property. 

The  value  and  purpose  of  computations  such  as  Mr.  Loeben- 
stein  has  made  are  to  be  fotmd,  of  course,  in  their  demonstration 
of  the  effects  that  such  elements  can  have  in  supposed  cas^. 
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In  all  instances,  however,  in  which  they  enter  they  have  some 
effect.  And  such  elements  have  their  effect  even  in  those  in- 
stances, not  mathematically  to  be  analyzed,  where  the  actual 
property  may,  as  in  cases  in  mind,  consist  of  30  or  more  subdivi- 
sions, each  of  which  relates  to  a  different  kind  of  property,  each, 
subject  to  its  own  rate  of  growth  or  replacement,  large  or  small, 
which  growth  or  replacement  may  be  quite  irregular  one  year  as 
against  another;  and  which  property  subdivisions  may  be  con- 
sidered to  have  expectations  of  life  ranging  all  the  way  from  land, 
which  is  supposed  to  have  no  life  limit,  or  vitrified  clay  conduit, 
whose  life  is  indefinite,  to  other  portions  of  the  property  which 
may  require  renewals  every  five  or  six  years. 

With  respect  to  the  relation  of  accrued  depreciation  to  the 
base  upon  which  to  allow  a  fair  distributable  rate  of  return :  as 
understood,  Mr.  Loebenstein  regards  as  imfair  for  such  purpose 
any  base  obtained  through  the  deduction  of  any  reserve  for  de- 
preciation from  the  depreciated  value  of  the  property.  Probably 
few,  if  any,  will  dissent  from  this  view. 

If  the  reserve  for  depreciation  be  deducted  from  anything,  it 
would  be  nearer  correct  to  subtract  it  from  the  undepreciated, 
instead  of  from  the  depreciated  value  of  any  property,  whenever 
the  problem  imder  determination  be  the  proper  base  upon  which 
to  allow  a  fair  distributable  rate  of  return. 

And  even  in  this  case,  such  deduction  of  the  reserve  from  the 
full  100  per  cent  value  of  the  property,  new,  would  not  be  based 
upon  any  consideration  of  depreciation,  as  such.  Rather  would 
it  be  founded  upon  the  recognition  of  a  divided  equitable  owner- 
ship in  any  property  owing  its  existence,  in  part,  to  any  depre- 
ciation reserve  derived  from  the  rate  payers,  and  which  reserve 
had  been  set  up,  specifically  as  such,  in  the  company's  accounts. 

For  the  reserve  for  accrued  depreciation,  under  the  prescribed 
accounting  system  above  referred  to,  can  be  regarded  as  amounts 
still  standing  to  the  credit  of  the  rate  payers,  and  representing 
specific  provision  by  them  for  losses  estimated  as  currently 
accruing  in  the  property  while  they  had  been  enjoying  service 
from  it.  In  time,  such  credited  amoimts  will  assist  in  covering 
future  major  repairs,  replacements,  or  ultimate  requirements  of 
such  property.  Meantime,  it  is  being  held  by  the  company,  in 
some  asset  form  or  another,  and  offset  by  a  special  liability  ac- 
count showing  the  amount  of  such  special  assets,  as  a  part  of  the 
total  assets  in  the  company's  possession,  until  such  major  re- 
pairs, replacements,  or  retirements  become  necessary  or  econom- 
ically justifiable. 

Until  the  amounts  in  such  reserve  are  actually  absorbed  for 
the  purposes  for  which  they  had  been  collected  from  the  con- 
stmiers,  it  would  seem  correct  to  regard  the  equitable,  although 
not  the  legal,  title  to  the  portion  of  the  assets,  in  dollars,  repre- 
senting such  amounts,  as  residing  in  the  rate  payers. 

As  thus  viewed,  therefore,  if  from  the  total  assets  held  by  the 
company,  taken  at  100  per  cent  of  their  full  value,  there  be  de- 
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ducted  that  portion  of  the  assets,  also  taken  at  100  per  cent  of 
their  value,  new,  owing  their  existence  to  the  reserve  for  accrued 
depreciation  as  it  may  then  stand  in  the  accounts,  the  remaining 
assets  would  represent  those  held  by  the  company,  free  from  any 
such  equitable  claim  of  the  creators  of  the  accrued  depreciation 
reserve. 

Whether  any  further  deductions  should  be  made  from  a  base 
derived  as  in  the  preceding,  in  the  case  of  the  utility  which,  in 
the  past,  had  enjoyed  earnings  sufficiently  ample  to  make  full 
provision  for  any  reserve  for  depreciation  up  to  the  amount  of  the 
real  existing  accrued  depreciation  in  its  property,  but  which  had 
failed  so  to  do;  or  whether,  on  the  other  hand,  as  items  perhaps 
in  its  **going  value",  any  addition  to  such  base  should  be  made 
in  the  case  of  the  company  which  had  made  provisions  to  its 
reserve  for  depreciation,  but  had  been  compelled  to  do  so  in  the 
face  of  inadequate  distributions  in  the  past  to  its  owners,  would 
seem  to  be  separate  questions — along  with  others  which  could 
be  raised  in  this  connection — for  separate  determination. 

David  B.  Rushmore:  There  is  one  point  concerned  with  de- 
preciation which  I  have  never  heard  mentioned  in  any  discussion, 
and  which  I  believe  has  not  been  taken  in  consideration  by  com- 
missions or  engineers  in  deterriiining  the  proper  figure  for  de- 
preciation. Depreciation  is  an  attempt — and  it  may  be  a  very 
unwise  attempt — to  guess  what  the  future  has  in  store.  An 
attempt  is  being  made  to  keep  the  value  of  the  capital  invested 
intact  by  trying  to  guess  just  what  the  future  will  be. 

When  we  are  thinking  of  value,  what  are  we  thinking  of  ?  We 
say  that  the  capital  must  remain  the  same,  but  value,  as  it 
really  exists,  exists  only  as  regards  the  necessities  of  life,  and  the 
point  which  I  have  never  seen  considered,  and  on  which  I  would 
like  very  much  to  hear  an  expression  of  opinion  is  why  should 
not  the  factor  of  gold  depreciation  be  considered  in  connection 
with  the  subject  of  the  depreciation  of  property? 

In  the  period  of  fifteen  years  from  1900  to  1915  gold  depre- 
ciated on  the  average  3|  per  cent  a  year,  and  the  man  who 
had  his  money  in  the  savings  bank,  that  was  paying  that  much 
interest,  was  just  keeping  even  in  his  position,  while  in  the  case 
of  a  man  who  owned  bonds  which  paid  interest  of  3J  per  cent, 
as  some  of  them  do,  approximately,  he  was  not  getting  ahead  at 
all.  Now,  we  are  for  the  present  moment  existing  under  very 
abnormal  conditions  of  economics,  of  finance,  of  trade,  and  ap- 
parently we  are  going  to  return  to  the  same  condition  of  gold 
depreciation.  Therefore,  why  should  not  the  permanent  value 
of  the  property  be  measured  in  the  value  of  the  commodities 
which  make  up  the  necessities  of  life,  and  not  in  something 
which  represents  a  medium  of  exchange  or  something  which 
represents  an  artificial  value,  and  which  is  not  in  itself  fixed. 

Edward  J.  Cheney:  As  Dr.  Betts  has  very  well  said,  it  is 
necessary  for  us  to  abide  by  the  decisions  of  the  courts.  It  is 
also  entirely  proper  that  we  should  respect  those  decisions.     I 
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think,  however,  that  the  courts  themselves  are  quite  wilHng  to 
be  educated  along  the  lines  of  these  questions,  which,  because 
of  their  newness  and  complexity,  are  very  perplexing  to  the 
judges.  We  should  not  be  bound  too  rigidly  by  decisions  with 
which  we  do  not  agree,  but  we  should  by  just  such  meetings  as 
this,  endeavor  to  clarify  the  situation  and  enunciate  proper  prin- 
ciples. No  one,  I  think,  is  so  well  qualified  to  put  the  matter 
in  proper  shape  as  engineers,  who  deal  with  the  physical  prop- 
erty and  with  actual  operating  conditions. 

It  is  true  that  a  great  deal  of  stress  has  been  laid  on  reproduc- 
tion costs  in  valuation  and  rate  cases  of  one  sort  and  another, 
but  that  has  doubtless  often  come  about  because  in  such  cases 
accurate  records  of  the  investment  cost  were  not  available.  I 
believe  that  when,  as  will  in  the  near  future  be  the  case,  records 
are  available  which  show  exactly  what  was  spent  for  the  prop- 
erty; and  assuming  that  the  investment  was  honest,  prudent  and 
timely;  the  money  actually  put  in  by  the  investors  will  be  the 
proper  basis  for  estimating  a  return  in  rate  cases;  and  if  so,  it 
certainly  will  be  the  proper  basis  in  purchase  and  sale  cases. 

It  is  a  little  bit  off  the  subject,  but  I  want  to  take  this  oppor- 
tunity to  register  my  emphatic  protest  against  the  use  of  two 
terms  which  are  very  commonly  employed  in  connection  with 
this  subject.  One  is  ''going  concern  value".  It  is  entirely  mis- 
leading. I  do  not  question  at  all  the  justice  of  including  some- 
thing for  those  items  which  are  ordinarily  included  in  the  term, 
but  the  term  itself  is  wrong.  A  public  utility  has  no  right  to 
earn  a  return  on  an  indefinite  * 'going  concern  value"  any  more  . 
than  it  has  a  right  to  earn  a  return  on  what  some  have  main- 
tained was  the  franchise  value.  On  the  cost  of  establishing  the 
business,  on  inadequate  returns  in  the  early  stages,  and  on 
similar  items,  it  has  a  right  to  expect  a  return,  but  let  us  call 
them  what  they  are.  The  expression  **cost  of  establishing  the 
business"  is  more  nearly  correct,  in  my  opinion,  than  anything 
else,  and  seems  much  preferable  to  "going  concern  value". 

The  other  term  which  I  object  to  is  ''contractors'  profit". 
How  many  estimates  we  see  with  a  percentage  tacked  on  for 
"contractors'  profit"!  I  maintain  there  is  no  such  thing.  The 
percentage  a  contractor  gets,  over  and  above  labor  and  material 
cost,  is  to  pay  his  overhead  expenses  and  to  pay  him  for  his  own 
services.  He  makes  no  profit.  He  may,  it  is  true,  make  money 
on  one  job,  but  on  another  he  will  lose,  and  in  the  long  run  he  gets 
only  enough  to  keep  him  in  business,  and  the  percentage  is  not 
a  profit  but  an  item  of  expense.  "Overhead  expenses  of  con- 
struction" more  nearly  describes  that  item. 

Relative  to  depreciation,  public  utility  companies  invariably 
expect  that,  in  fixing  rates,  there  be  included  in  operating  ex- 
panses the  amount  of  estimated  current  and  accruing  deprecia- 
tion. At  the  same  time,  they  often,  doubtlessly  honestly,  ask 
for  a  return  on  the  full  original  cost  of  the  property.  If  you 
lend  me  $1,000,  you  have  a  right  to  the  interest  on  that  money, 
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but  as  soon  as  I  pay  back  part  of  the  principal  the  amount  of 
interest  is  correspondingly  reduced.  Accrued  depreciation, 
charged  to  operating  expenses  and  paid  in  by  the  customers  of 
the  public  utility  company,  is  to  that  extent  a  return  of  the 
original  capital. 

William  S.  Franklin:  I  would  like  to  point  out,  in  connection 
with  the  question  raised  by  Mr.  Rushmore,  that  the  influence 
of  depreciated  money  or  gold  on  the  Values  of  properties  is 
taken  account  of  in  what  is  called  "cost  of  reconstruction."  The 
fact  that  gold  does  depreciate  is  an  added  reason  for  placing 
greater  emphasis  on  cost  of  reproduction  in  estimating  present 
values  of  a  property. 

The  difficulty,  however,  is  that  the  cost  of  reproduction  in- 
cludes another  variable  as  well  as  the  variation  in  the  value  of 
gold,  namely,  the  variable  which  comes  from  improved  methods 
and  improved  machinery,  which  may  tend  to  lessen  the  value 
of  the  property  as  based  on  cost  of  reproduction,  whereas  the 
depreciation  of  gold  alone  would  tend,  if  there  were  no  advance 
in  methods  and  machinery,  to  increase  the  money  value  of  the 
property:  If  we  could  only  devise  some  means  for  separating 
these  two  variables  as  they  enter  into  the  cost  of  reproduction, 
we  could  then  take  accoimt  of  the  two  separate  influences. 

Philander  Betts:  In  reference  to  the  paper  submitted  by  Mr. 
Carver,  I  want  to  emphasize  two  or  three  things  that  I  have  had 
in  mind  with  regard  to  the  value  of  keeping  inventories  and  ap- 
praisals of  a  property,  and  of  keeping  them  continuously  up  to 
date.  The  thought  that  has  occurred  to  most  people  when  you 
mention  an  inventory  and  appraisal  is  that  the  sole  ptupose  has 
been  to  find  out  as  of  some  given  date  the  total  amount  of 
property  in  existence  and  its  value  at  that  time.  That  is  only 
one  of  the  reasons  for  making  an  inventory  and  appraisal  of  a 
property.  The  telephone  companies  for  years  have  kept  a  con- 
tinuous inventory,  perhaps  not  in  the  same  form  that  is  usually 
employed  in  making  up  an  appraisal,  but  it  has  been  kept  for 
operating  reasons,  so  that  the  telephone  company  could  know 
at  any  moment  just  where  it  had  property,  and  how  much  it 
had,  so  that  it  could  tell  a  prospective  customer  whether  it  could 
or  could  not  furnish  service  of  a  certain  character  to  a  certain 
extent,  and  if  it  could  not  immediately  furnish  it,  how  soon  it 
could  fiuTiish  it. 

Another  reason  for  keeping  an  invqptory,  and  along  with  that 
inventory  the  cost  of  the  various  portions  of  the  plant  as  they 
are  constructed,  is  in  order  to  make  the  construction  of  the 
extensions  more  efficient.  An  analysis  of  construction  costs  is 
essential  in  the  carrying  on  of  any  contractor's  business.  Why 
should  not  such  an  analysis  be  made  of  the  construction  costs  of 
a  public  utility  company  ?  The  keeping  of  such  inventories,  and 
accompanied  with  the  inventory  of  the  property  the  cost  of  the 
sections  of  the  property,  would  lead  to  an  analysis  of  the  imit 
cost  for  those  sections,  which  would  show  whether  or  not  the 
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extensions  were  constructed  in  the  most  efficient  manner  pos- 
sible imder  all  of  the  circumstances.  Such  an  analysis  might 
lead  to  better  methods  of  doing  the  work.  It  might  lead  to 
doing  the  work  at  different  times  during  the  year,  or,  instead  of 
doing  it  in  certain  piecemeal  methods,  without  knowing  just  how 
much  would  be  done,  it  might  lead  to  doing  it  in  a  more  sys- 
tematic way. 

In  this  connection  I  will  call  attention  to  what  the  telephone 
companies  in  the  East  do.  Estimates  are  made  up  as  to  the 
probable  growth  in  different  directions — ^the  probable  niunber 
of  new  customers  taken  on — ^and  estimates  are  also  made  as  to 
where  these  customers  will  probably  be  located,  and  as  to  what 
property  will  probably  be  necessary.  Orders  are  then  entered 
for  certain  amounts  of  material  a  considerable  time  in  advance. 
The  total  number  of  poles  which  are  estimated  to  be  used  will 
probably  be  used  without  much  change  in  the  size  and  height 
of  those  poles.  It  may  be  that  some  changes  will  have  to  be 
made  in  the  orders  given  for  certain  sizes  and  lengths  of  cables, 
but  with  a  proper  study  based  upon  the  running  inventory,  and 
the  accompanying  cost  sheets,  a  company  can  certainly  con- 
struct the  additions  to  its  plant  in  a  more  economical  manner 
than  is  very  often  the  case. 

I  want  to  answer  some  questions  with  regard  to  some  of  the 
points  in  my  paper.  I  have  referred  to  the  fact  that  in  several 
cases  the  courts  have  laid  down  the  rule  that  what  the  company 
is  entitled  to  earn  a  return  upon,  was  the  value  of  that  which  they 
devoted  to  the  public  use,  and  that  this  might  entail  deductions 
for  property  not  at  present  in  the  use  of  the  public.  When  I 
spoke  of  that  I  did  not  mean  deductions  for  that  portion  of  the 
property  which  was  properly  held  in  reserve.  Every  company 
that  pretends  to  give  continuous  service  must  have  property  in 
addition  to  that  demanded  by  the  peak  load  in  order  to  insure 
continuity  of  service.  If  companies  are  to  take  on  customers 
from  day  to  day,  there  must  be  some  property  created  at  least 
some  little  time  in  advance  of  its  immediate  use,  so  that  there 
must  be  some  reserve  in  the  plant  to  accommodate  these  cus- 
tomers who  come  along  every  day.  There  must  be  some  reserve 
in  plant  to  safeguard  against  interruptions  in  service  due  to 
breakdowns  of  portions  of  the  plant.  They  are  every  day  oc- 
currences, and  must  be  guarded  against,  and  the  provision  of  a 
certain  amount  of  spare  plant  is  the  usual  and  ordinary  precau- 
tion. 

I  have  in  mind  a  definite  case.  In  the  southern  part  of  New 
Jersey,  there  is  a  very  large  gas  company  situated  about  forty 
miles  from  Camden.  Some  years  ago  a  project  was  evolved  for 
the  construction  of  a  ttmnel  tmder  the  Delaware  River  from 
Philadelphia  to  Camden.  The  project  was  an  ambitious  one, 
some  property  was  purchased  and  attempts  made  to  float  the 
scheme.  Without  going  into  the  history  of  the  case,  suffice  it  to 
say  that  the  scheme  has  never  been  carried  through,  but  while 
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the  scheme  was  being  thought  of,  a  group  of  enterprising  people 
went  down  into  the  lower  part  of  New  Jersey  and  formed  eleven 
small  gas  companies  in  the  towns  and  villages  served  by  the  rail- 
roads which  would  probably  connect  with  the  proposed  tunnel. 
These  eleven  gas  companies  were  later  consolidated  into  one  gas 
company,  with  a  large  central  plant,  which  was  built  at  a  central 
point,  and  gas  has  been  delivered  for  a  number  of  years  from  that 
central  point.  In  the  design  of  that  plant,  care  was  taken  to 
see  that  there  was  capacity  for  several  times  as  many  people  as 
are  found  in  the  territory  at  the  present  time,  with  a  view  to  all 
those  who  might  have  been  found  in  that  territory  today,  if 
that  tunnel  project  had  gone  through. 

Now,  I  submit  this  question,  and  I  will  leave  it  to  you  to 
answer  it— ^would  it  be  fair  today  to  say  that  the  people  now 
served  with  gas  in  that  territory  should  be  charged  rates  that 
would  give  an  adequate  return  on  the  value  of  the  plant  which 
was  constructed  and  designed  for  several  t'mes  as  many  people 
as  are  now  making  use  of  it  ?  In  all  probability,  if  the  promoters 
of  the  scheme  had  thought  that  the  tunnel  was  not  going  through 
this  gas  company  would  never  have  been  formed. 

The  point  of  it  all  is  this:  That  a  company,  before  it  obtains 
a  proper  number  of  customers,  is  in  such  a  developmental  stage 
that  it  is  impracticable  to  collect  charges  based  upon  a  schedule 
of  rates  that  would  return  a  profit  when  the  company  is  very 
small.  The  large  gas  company,  to  which  I  have  referred,  is  in 
just  that  position.  It  must  build  its  business  up  to  a  point  where 
it  will  fit  the  plant  which  it  has,  before  it  can  say  to  the  customer 
that  the  rates  must  furnish  a  return  on  all  its  investment. 

There  is  one  thing  which  should  be  referred  to  in  this  discus- 
sion, and  that  is  as  to  the  power  of  the  courts.  The  power  of 
the  courts  seems  to  be  misunderstood  by  some,  in  this  way: 
courts  have  never  had  and  do  not  now  have  the  power  to  fix 
rates.  The  courts  have  the  power  to  prevent  confiscation,  and 
to  prevent,  from  the  other  standpoint,  the  collection  of  imreason- 
able  rates.  Probably  all  of  the  cases  which  have  gone  to  the 
Supreme  Court  of  the  United  States  have  gone  there  because  the 
company  contended  that  its  property  was  being  confiscated,  and 
when  the  courts  have  held,  as  they  have  in  some  of  the  cases, 
that  such  returns  as  3.5  and  4  per  cent  were  not  a  sufficient  basis 
for  throwing  the  case  out  of  court  and  declaring  the  rates  im- 
proper, these  decisions  were  based,  not  on  the  idea  that  such  rates 
of  return  were  adequate,  in  any  sense,  but  that  they  were  not 
confiscatory.  That  is  all  these  decisions  have  ever  said.  The 
court  can  also  determine  whether  the  customers  themselves  are 
being  asked  to  pay  excessive  rates. 

In  one  of  the  cases  before  the  New  Jersey  Commission,  both 
the  company,  from  its  viewpoint,  and  the  customers  affected, 
from  their  viewpoint,  appealed  the  case  to  the  upper  court. 
Why  ?  Because  the  company,  feeling  that  the  rate  was  too  low, 
contended  that  it  amounted  to  a  confiscation  of  its  property. 


Digitized  by  LjOOQ IC 


1910]  DISCUSSION  AT  NEW   YORK  1421 

The  customers  affected,  on  the  other  hand,  appealed  to  the  court, 
saying  that  the  rates  fixed  by  the  commission  were  too  high,  and 
and  involved  collecting  from  them  exorbitant  charges.  In  that 
case  the  court  did  not  pass  on  the  facts,  it  determined  that  the 
facts  had  been  passed  on  by  the  Commission,  and  the  lower 
court  decided  it  was  neither  confiscation,  considered  from  the 
one  direction,  and  did  not  say  it  was  charging  an  exorbitant  rate, 
considered  from  the  other  direction. 

Harry  E.  Carver:  In  reference  to  the  point  Mr.  Jackson 
brought  up  about  the  accrued  depreciation  on  each  item,  you 
will  notice  that  Forms  1  and  3,  which  constitute  the  Continuous 
Inventory  Records,  did  not  provide  for  the  computation  of  the 
accrued  depreciation  on  each  item.  They  do,  however  provide 
space  for  recording  data  from  which  the  accrued  depreciation 
may  be  computed  at  any  time  it  is  desired.  Hence,  if  it  should 
seem  advisable  at  any  time  to  compute  depreciation  upon  a  dif- 
ferent basis  than  that  upon  which  it  was  previously  estimated, 
the  continuous  inventory  record  would  not  be  changed  or  al- 
tered in  any  way. 

In  connection  with  this  subject  some  of  you  may  have  read 
the  paper  on  ''Continuous  Inventories",  which  was  presented  at 
the  last  meeting  of  the  American  Electric  Railway  Association, 
held  in  Atlantic  City,  in  which  forms  were  worked  out  for  each 
item  year  by  year.  I  believe  that  these  forms  were  made  up  in 
this  manner  because  the  taxing  officials  in  New  York  State,  and 
perhaps  in  some  other  states,  require  reports  each  year,  in  which 
information  must  be  given  as  to  both  cost  and  the  present  value 
of  property  in  considerable  detail.  If  the  depreciation  is  to  be 
computed  each  year  it  seems  that  practically  double  work  would 
be  required  in  keeping  the  inventory  records,  because  for  every 
item  of  property  there  will  have  to  be  an  entry  made  every  year 
on  the  continuous  record;  whereas,  if  a  summary  only  is  made 
every  year,  the  calculation  as  to  the  depreciation  could  probably 
be  made  covering  a  group  of  items  and  thus  the  amount  of  work 
would  be  greatly  diminished.  For  that  reason,  and  because  of 
the  great  amount  of  estimating  necessary  in  figuring  depreciation, 
it  seems  to  me  it  would  hardly  be  advisable  to  attempt  to  make 
any  depreciated  values  a  part  of  the  continuous  inventories 
record. 

W.  R.  McCann  (by  letter) :  It  is  to  be  inferred  from  a  careful 
reading  of  Mr.  Betts*  paper,  that  the  author  submits  the  hold- 
ings of  the  courts  to  sanction  only  a  reproduction  method  of 
valuing  public-utility  property,  to  the  utter  exclusion  of  all 
other  methods.  It  is  the  belief  of  the  writer  that  the  correct- 
ness of  such  a  deduction  is  to  be  challenged.  In  support  of  a 
contrary  view,  it  may  be  well  to  examine  one  or  two  typical  court 
decisions  which  apparently  may  be  construed  in  accordance  with 
the  author's  interpretation. 

In  the  aforesaid  paper,  a  pioneer  case  {Smyth  vs.  Ames)  is 
cited  to  show  that,  in  addition  to  the  reproduction  method,  fair 
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and  reasonable  rates  should  be  fixed  only  after  there  have  been 
ascertained  the  original  cost  of  construction,  the  amount  ex- 
pended in  permanent  improvements,  the  amount  and  market 
value  of  its  bonds  and  stock,  the  present  as  compared  with  the 
original  cost  of  construction,  the  probable  earning  capacity  of 
the  property  imder  particular  rates,  the  stun  required  to  meet 
operating  expenses,  and  other  matters.  Certainly  the  case  of 
Smyth  vs.  Ames  does  not  support  the  exclusion  of  other  evidence 
of  value,  in  favor  of  a  reproduction  method  as  the  sole  and  only 
correct  theory. 

The  basis  of  the  claims  that  the  courts  favor  a  reproduction 
theory  is  found  in  the  language  of  certain  judicial  opinions — ^in 
language  which  is  constructed  to  mean  differently  from  what  is 
actually  stated.  For  instance,  in  Des  Moines  Water  Company, 
vs.  City  of  Des  Moines ^  the  court  says : 

*'The  question  is  not  what  it  (the  plant)  cost,  although  such  evidence 
is  admissible  as  having  a  bearilig.  The  question  is  not  what  the  plant 
some  day  may  be  worth,  although  evidence  with  reference  thereto  may 
be  considered  as  having  a  bearing.  The  question  is:  What  is  the  value 
of  the  plant  today?" 

(192  Fed.  193,  196) 
From  such  language  it  is  argued  that  the  value  of  the  plant  must 
be  the  reproduction  value  and  that  the  words — "the  question  is 
not  what  it  (the  plant)  cost",  mean  that  an  original-cost  val- 
uation is  to  be  given  no  weight.  There  is  a  vast  difference, 
however,  between  the  price  which  has  been  paid  in  toto  for  a 
plant  ("what  the  plant  cost*',  to  use  the  court's  language)  and  a 
properly  prepared  original-cost  valuation.  A  correct  original-cost 
valuation  has  its  basis  in  the  same  inventory  as  does  the  repro- 
duction valuation;  but,  instead  of  present-day  prices  (or  five- 
year  average  prices)  being  used  in  the  appraisal,  the  actual  cost 
prices  are  used  for  both  labor  and  material,  or,  in  the  absence 
of  records  of  the  actual  original  costs  of  items  of  material  and 
labor,  the  cost  is  estimated  by  a  competent  appraiser  as  of  the 
time  when  the  equipment  was  installed  and  tinder  the  precise 
conditions  of  its  installation. 

Likewise,  in  Cumberland  Telephone  and  Telegraph  Company  vs. 
City  of  Louisville,  the  court  said : 

"It  would  seem  clear  from  the  decisions  that  the  most  material  question 
in  such  cases  is  that  the  reasonable  value  of  the  property  'at  the  time  it 
is  being  used  for  the  public',  that  is  to  say,  the  time  at  which  the  question 
arises — it  being  upon  the  reasonable  valuation  at  that  time  that  the  com- 
pany is  entitled  to  earn  a  fair  return  ♦  ♦  ♦  •  xhe  value  of  a  plant 
may  depend  upon  good  fortune,  upon  good  management,  or  upon  fortu- 
itous circumstances,  but  in  every  event  the  reasonable  value  of  the 
property  *at  the  time  it  is  used  for  the  public'  is  the  value  we  are  to  ascer- 
tain for  the  purposes  of  this  controversy." 

(187  Fed.  637,  642) 
From  the  language  "value  of  the  property  at  the  time  it  is  used 
for  the  public'*  and  from  the  similar  language  of  otlier  court 
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decisions,  it  is  again  argued  that  the  reproduction  method  must 
be  used  exclusively.  It  seems  to  have  escaped  the  notice  of  the 
reproduction  advocates  that  the  language  of  the  courts  may  well 
be  interpreted  to  mean  "the  reasonable  depreciated  value  of  the 
used  and  useful  property  at  the  time  it  is  used  for  the  public". 

Many  courts  have  sanctioned  and  justified  the  reproduction 
theory  because  it  is  generally  assumed  that  precise  original  cost 
ordinarily  is  difficult  to  secure.  Usually  the  record  before  a  court 
of  review  has  little  tangible  evidence  relating  to  a  properly  pre- 
pared original-cost  valuation.  The  record  may  confuse  the  in- 
vestment, the  stocks  and  bonds,  or  a  purchase  price  with  the 
original  cost  of  the  various  items  embraced  in  the  inventory. 
Before  construing  the  language  of  a  court  which  is  reviewing 
a  record  taken  in  a  trial  court,  it  is  well  to  ascertain  first  what 
that  record  contains  on  the  subject  of  original  cost. 

Of  a  proper  original-cost  valuation,  Ex-chairman  Halford 
Erickson  of  the  Railroad  Commission  of  Wisconsin  stated  in  a 
paper  presented  before  the  Conference  on  Valuation,  held  under 
the  auspices  of  the  Utilities  Bureau,  in  Philadelphia,  a  year  ago : 

"When  the  original  cost  of  the  existing  property  is  desired  it  can  be  com- 
puted upon  the  same  inventory  as  that  used  in  determing  the  cost  of  re- 
production and  upon  prices  which  cover  the  period  when  the  property 
involved  was  put  into  the  plant.  Such  price  lists  may  be  had  partly 
from  the  records  of  the  plant  and  partly  from  other  sources.  In  this  way 
the  original  cost  of  the  existing  property  can  be  had  with  even  greater 
accuracy  than  the  cost  of  reproduction." 

{The  Utilities  Magazine,  Vol.  1,  No.  3,  113) 

It  is  interesting  to  note  that  Chairman  Erickson,  after  years  of 
experience  and  participation  in  rate-making  procedures,  volun- 
teers the  opinion  that  even  in  the  absence  of  books  and  records, 
* 'original  cost  of  existing  property  can  be  had  with  even  greater 
accuracy  than  the  cost  of  reproduction.'' 

Despite  the  many  citations  from  court  decisions  favorable  to 
some  reproduction  method  of  valuing  utility  property,  it  is  note- 
worthy that  no  authority  of  standing  is  to  be  quoted  to  show 
that  an  estimate  of  the  cost  of  reproducing  the  property  (with 
or  without  deduction  for  accrued  depreciation)  is  the  sole  and 
only  guide  to  a  reasonable  and  adequate  valuation  of  a  utility 
property  for  rate-making  purposes.  On  the  contrary,  the  incon- 
sistencies of  the  reproduction  method  have  been  discussed  time 
and  again;  it  is  only  recently  that  the  Supreme  Court  of  the 
United  States,  in  the  Des  Moines  Gas  Case,  repudiated  the  repro- 
duction method  when  applied  to  what,  in  valuation  work,  is 
commonly  termed  **undisturbed  paving".  The  general  un- 
stableness  of  the  reproduction-new  theory  was  realized  and 
understood  by  prominent  proponents  of  the  Federal  Valuation 
Act.  Senators  Bristow  of  Kansas  and  LaFoUette  of  Wisconsin, 
on  February  24,  1913,  participated  in  the  following  colloquy  on 
the  floor  of  the  United  States  Senate: 
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Mr.  Bristow: 

"There  is  one  point  I  wanted  to  bring  out  with  regard  to  that  feature 
of  the  bill  that  requires  the  Commission  to  ascertain  the  cost  of  produc- 
tion new.  Such  a  finding,  in  my  opinion,  is  not  of  any  great  value,  so 
far  as  the  rate  making  is  concerned.  It  is  a  vacillating  quantity;  it  does 
not  represent  in  any  sense  the  investment  of  the  company  in  the  construc- 
tion of  the  road.  To  illustrate:  In  the  suit  that  was  pending,  the  estimated 
cost  of  the  reproduction  of  the  Northern  Pacific  Railroad  was  involved. 
I  am  informed  the  same  engineer  reported  in  1907  and  in  1909  as  to  the 
cost  of  the  reproduction  new,  and  the  value  fixed  in  1909  was  one  hundred 
and  eighty-five  million  dollars  more  than  the  same  engineer  fixed  the  value 
of  reproduction  new  in  1907." 

Mr.  LaFollette  (in  part): 

"Let  me  say  to  the  Senator  on  this  question  that  the  Supreme  Court 
of  the  United  States  has  listed  that  as  one  of  the  values  to  be  considered, 
and  it  has  not  yet  by  any  express  declaration  eliminated  it  as  a  value  to 
be  ignored.  So  it  seemed  to  the  committee  that  we  ought  to  give  it,  its 
place  here.  I  will,  however,  say  to  the  Senator  that  I  am  confident  that 
the  views  of  all  the  advanced  commissions  of  the  country  that  are  doing 
this  valuation  work  are  that  there  should  be  very  inconsiderable  weight 
given  to  reproduction  new." 

{Congressional  Record,  3801.) 

The  reproduction  method  of  valuing  property  is  relied  upon 
by  utilities  mainly  because  it  automatically  takes  care  of  the 
appreciation  which  has  occurred  during  recent  years  in  the  cost- 
new  of  nearly  all  items  of  equipment  and  in  all  classes  of  labor. 
Land,  in  particular,  falls  into  this  classification,  and  a  court  of 
authority  has  ruled  that  the  real  property  of  a  utility  should  be 
valued  at  its  present-day  market  value,  and  not  at  its  original 
cost  plus  the  cost  of  improvements.  Under  the  rulings  of  the 
courts,  it  may  be  argued  that,  even  though  a  utility  may  steal 
equipment  without  being  apprehended  and  may  convert  that 
equipment  into  used  and  useful  property  in  the  service  of  the 
public,  the  stolen  equipment  must  receive  due  recognition  in  a 
valuation  and  rate-making  proceeding.  Whether  or  not  this 
view  will  prevail  ultimately,  under  a  continuance  of  state  regu- 
lation, is  somewhat  a  debatable  question  at  the  present  time. 
A  simple  case  will  serve  to  illustrate  the  fallacy  of  too  great 
weight  given  indiscriminately  to  appreciation  in  utility  property. 
Assimie  that  an  electric  plant,  in  a  state  where  the  laws  provide 
for  state  regulation,  costs  $100,000,  and  assume  further  that  the 
regulatory  body  of  jurisdiction,  after  investigation,  has  fixed 
rates  such  as  will  yield  full  operating  expenses  plus  five  per  cent 
per  anntun  ($5,000)  for  accruing  depreciation  and  seven  per  cent 
per  annum  ($7,000)  for  a  fair  rate-of-retixm.  At  the  end  of 
five  years,  provided  no  change  is  made  in  the  electric  property, 
the  utility  has  accumulated  $25,000  (plus  earnings)  in  a  depre- 
ciation fund,  and  each  year  has  paid  a  full  and  adequate  rate-of- 
retum  upon  this  investment.  During  these  five  years,  if  per- 
chance the  prices  of  labor  and  materials  advance  SQ^that  the 
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estimated  reproduction-cost-new  according  to  expert  appraisers 
would  be  $110,000,  there  has  been  an  unearned  increment,  over 
and  above  a  fair  rate-of-r  turn,  amounting  to  $10,000  in  the 
value  of  the  property — equivalent  to  $2,000  per  year,  or  two  per 
cent  annually  on  the  original  cost.  In  other  words,  a  valuation 
made  at  the  end  of  the  said  five  years,  resulting  in  revised  rates 
being  fixed  on  an  estimated  reproduction  theory,  capitalizes  an 
imeamed  increment  which  automatically  results  in  rendering  a 
nine  per  cent  rate-of-rettun  throughout  the  entire  first  five-year 
period.  What  has  the  utility  done  or  denied  to  itself  in  order 
to  deserve  this  xmeamed  increment  ?  Is  not  the  public  entitled 
to  participate  in  the  appreciation  of  property,  at  least  to  the 
extent  of  not  having  the  same  capitalized  against  it,  to  be  borne 
by  the  rate-payers  of  the  future  ?  Carrying  the  illustration  still 
further  then,  let  it  be  assumed  that  the  estimated  reproduction 
value  sinks  to  $90,000  at  the  end  of  five  years;  then  the  reverse 
is  true,  and  the  utility  each  year  is  deprived  of  just  earnings 
equivalent  to  two  per  cent  of  the  cost  of  the  property.  Under 
such  conditions,  would  it  not  be  argued  that  this  deprivation  of 
earnings  would  constitute  a  confiscation  of  property  ? 

Such  illustrations  are  indicative  of  the  public's  vital  interest 
in  what  is  termed  "appreciation".  It  is  to  be  borne  in  mind 
that  ''depreciation",  as  applied  in  valuation  work,  in  no  manner 
is  the  opposite  of  appreciation".  An  original-cost  valuation,  if 
properly  compiled,  does  not  presume  to  inflict  upon  a  utility  the 
losses  occasioned  by  decreases  in  prices  of  material  and  labor. 
An  original-cost  valuation,  however,  does  presume  to  reflect  the  > 

conditions  under  which  the  bargain  between  a  utility  and  its  con- 
sumers was  consummated.  Under  an  original-cost  valuation,  the 
public  sustains  all  losses  due  to  the  falling  off  of  prices,  although 
it  participates  in  gains  only  to  the  extent  of  not  having  an  un- 
earned increment  capitalized  against  it.  As  stated  before,  the 
courts  have  not  stated  that  reproduction-cost-new  (or  less  de- 
preciation) must  be  the  criterion  by  which  to  judge  the  present 
value  of  utility  property  for  rate-making  purposes. 

The  Massachusetts  Public  Service  Commission,  in  its  recent 
decision  rendered  In  Re  Bay  State  Street  Railway  Company 
(August  31,  1916),  squarely  recognizes  that  appreciation  in  land 
as  disclosed  by  a  reproduction  method  of  valuing  the  same  is 
not  to  receive  recognition  in  a  determination  of  rates: 

"Considering  this  appreciation  upon  its  own  merits,  car  riders  cannot 
fairly  be  expected  to  pay  higher  fares  because  land  has  increased  in  value, 
nor  ought  they  to  pay  lower  fares  if  it  should  decrease.  If  the  company 
wishes  to  sell  such  property  it  is,  of  course,  entitled  to  whatever  profit 
it  is  able  to  make;  but  so  long  as  land  is  employed  in  the  street  railway 
business  it  is  dedicated  to  a  public  use  and  held  subject  to  the  conditions 
fairly  attaching  to  such  use.  As  the  Commission  has  said  in  another 
connection  (see  House  Document  No.  1900  of  the  current  year,  pp. 
88,89):  'While  no  fair-minded  man  will  deny  that  those  who  put  their 
money  into  public  service  by  building  railroads  are  entitled  to  the  oppor- 
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tunity  to  earn  a  fair  reward,  that  this  reward  is  to  be  determined,  so  long 
as  their  property  is  devoted  to  public  use,  not  by  investment  or  by  service 
rendered,  but  in  large  measure  by  the  rapid  expansion  of  real  estate  prices 
in  the  larger  centers  of  population,  is  contrary  to  sound  public  policy. 
It  would  mean  that  communities  would  be  penalized  by  their  own  growth, 
and  would  lose  all  advantage  from  the  fact  that  their  transportation  facil- 
ities were  created  in  due  season  under  favorable  economic  conditions.' 
It  should  be  added  that,  even  if  the  doctrine  of  present  worth  were  ac- 
cepted, the  figure  to  be  used  in  rate  making  would  clearly  be  present 
worth  for  street  railway  purposes.  In  this  case  no  evidence  whatever 
has  been  submitted  that  the  land  has  increased  in  value  for  such  purposes." 

(10  Rate  Research,  pp.  120  121,) 

It  would  seem,  therefore,  that  engineers  as  a  whole  may  well 
listen  to  the  admonitions  of  the  courts,  instead  of  becoming 
partisan  advocates  of  some  theory.  Such  biased  acts  on  the 
part  of  the  profession  are  accountable  for  rebukes  of  a  type  such 
as  was  administered  forcibly  by  the  late  Judge  Smith  McPherson 
of  Iowa,  who,  it  is  claimed  by  some,  made  a  grievous  error  in 
the  Missouri  Rate  Case  (168  Fed.  317)  by  apparently  giving  too 
great  weight  to  the  testimony  relating  to  certain  new  theories 
advanced  by  experts.  In  one  of  his  last  opinions,  this  caustic 
Iowa  judge  called  attention  to  the  great  danger  of  experts. 
Judge  McPherson  *s  life  was  largely  behind  him,  and  he  had  had 
more  than  his  fair  share  of  experience  as  a  United  States  dis- 
trict judge  in  endeavor  ng  to  weigh  the  evidence  of  experts  in 
various  public-service  cases,  when  he  said  in  the  Des  Moines 
Gas  Case  (199  Fed.  205): 

'*Too  often  we  have  selfish,  partisan,  prejudiced,  and  unreliable  experts 
engaged  for  weeks  at  a  time  at  SlOO  or  more  and  expenses  per  day,  ex- 
aggerating their  importance  and  making  the  successful  party  in  fact  a 
lo^er." 

Frank  Gill:  If  Mr.  Loebenstein  contends  that  the  plant  of  a 
normally  conducted  undertaking  does  not  eventually  settle  down 
to  a  definite  per  cent  condition,  I  do  not  agree  with  him,  but  if 
he  only  means  that  there  is  not  a  similar  fixed  percentage  con- 
dition for  all  undertakings,  I  think  he  is  quite  right. 

Fig.  1  shows  the  amount  necessary  in  the  depreciation  fund 
for  three  theoretical  cases,  each  with  the  same  equated  life  but 
with  a  diflferent  rate  of  continuous  growth.  This  clearly  shows 
that  each  fate  of  growth  results  eventually  in  a  definite  per  cent 
condition. 

In  each  case  there  are  10  classes  of  plants  having  lives  varying 
from  6  to  29  years  and  if  a  greater  number  of  classes  had  been 
used,  curves  would  have  reached  a  steady  condition  at  an  ear- 
lier period. 

Other  calculations  show  that  the  per  cent  condition  depends  on 
the  equated  life  of  the  plant  as  well  as  upon  the  rate  of  growth. 

In  these  cases  the  Sinking  Fund  Method  (at  5  per  cent  per 
annum)  has  been  used  for  reasons  which  I  consider  conclusive, 
but  this  is  really  an  independent  question. 
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I  do  not  think  that  Mr.  Loebenstein  has  made  sufficient  al- 
lowance for  the  fact  that  while  a  definite  life  can  be  assigned  to 
one  class  of  plant,  the  individual  components  of  that  class  do  not 
in  practise  need  renewals  at  exactly  the  same  time. 


Fig.  1 


I  notice  that  in  Mr.  Loebenstein's  calculations,  he  has  al- 
lowed a  full  year's  allowance  for-  depreciation  for  the  first  year 
and  if  this  is  correct,  it  follows  that  the  expenditure  for  the  year 
took  place  on  January  1st,  and  that  the  renewals  would  occur  a 
full  year  sooner  than  shown. 

L.  R.  Nash  (by  letter) :  It  is  surprising  that  a  matter  of  so 
much  importance  as  the  effect  of  growth  upon  the  average  con- 
dition of  physical  property  should  have  received  so  little  atten- 
tion in  engineering  literature.  The  paper  on  this  subject  by  Mr. 
Loebenstein  is  very  timely,  particularly  in  view  of  the  increasing 
attention  to  valuation  studies  in  connection  with  rate  regulation. 
The  author's  choice  of  public  utilities  to  illustrate  the  points 
which  he  develops  is  to  be  commended  because  of  the  consistent 
growth  and  the  predominance  of  valuation  activity  in  this  field. 

It  seems  to  me,  however,  that  the  illustrations  which  the 
author  presents  in  tabular  and  curve  form  are  not  generally 
representative  of  average  utility  conditions.  Most  of  these  illus- 
trations assume  growth  for  a  very  limited  period  of  years,  after 
which  the  property  remains  stable.  With  this  assumption, 
quite  wide  variations  are  found  in  renewal  requirements  and 
per  cent  condition.  While  the  author  points  out  that  each  of 
the  cases  asstuned  may  be  considered  as  one  group  of  elements  of 
a  composite  property,  he  still  concludes  that  such  a  property 
would  show  a  considerable  variation  from  time  to  time  in  per 
cent  condition. 

Public  utility  history  shows  very  few  cases  of  property  without 
sustained  substantial  growth.  A  few  interurban  railways  and 
hydroelectric  developments  might  be  excepted,  but  the  growth  of 
the  normal  city  requires  continued  expansion  of  its  utilities.  Even  • 
the  case  of  the  actual  electric  property,  covering  a  period  of  one 
hundred  years,  which  the  author  presents  as  an  illustration,  as- 
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sumes  that  growth  ceases  after  three  years,  the  remaining  ninety- 
seven  years  showing  no  expansion  whatever.  It  is  not  surprising 
that  under  such  an  assumption  the  service  value  of  the  property 
shows  a  fluctuation  between  37.5  per  cent  and  69  per  cent  as 
found  by  the  author.  It  is  believed  that  actual  conditions  are  more 
nearly  represented  with  respect  to  fluctuations  in  service  value 
by  Curve  VII  which  the  author  reproduces  from  Mr.  Allison's 
report  on  the  United  Railways  Company  of  St.  Louis.  This 
curve,  however,  allows  for  no  effect  of  property  growth. 

The  writer  had  occasion  about  two  years  ago  to  make  a  study 
of  public  utility  depreciation  and  replacement  requirements, 
particularly  their  relation  to  total  property  value  or  investment. 
The  general  results  of  this  study  were  finally  embodied  in  a  paper 
prepared  for  the  American  Economic  Association  and  appearing 
in  the  American  Economic  Review  of  March,  1916.  This  paper 
shows  by  a  variety  of  curves  the  effect  of  property  growth,  and 
gives  formulas  and  tables  for  computing  replacement  require- 
ments under  certain  assumed  normal  conditions.  In  connection 
with  this  study  the  writer  had  a  table  prepared  showing  the 
history  of  an  assumed  typical  public  utility  for  a  period  of  one 
hundred  years.  The  assumptions  include  growth  at  the  rate  of 
10  per  cent  per  year  for  the  first  twenty  years,  7}4  per  cent  per 
year  for  the  next  thirty  years  and  5  per  cent  for  the  remaining 
fifty  years.  The  property  was  assumed  to  consist  at  all  times 
of  elements  having  useful  lives  uniformly  distributed  between 
ten  and  thirty  years  and  an  equal  value  of  elements  in  each  life 
group.  A  copy  of  that  part  of  the  table  showing  for  each  year 
the  total  investment,  cost  of  replacement  of  discarded  property 
and  the  relation  between  the  two  is  presented  as  Table  I. 
While  this  table  does  not  directly  show  per  cent  condi- 
tion, it  is  believed  that  uniformity  in  annual  replacement  re- 
quirements implies  corresponding  uniformity  in  per  cent  con- 
dition if,  as  assumed,  all  replacement  requirements  are  given 
prompt  and  systematic  attention.  A  study  of  the  attached  table 
shows  a  surprisingly  close  agreement  among  the  ratios  of  re- 
placement cost  to  total  investment.  There  is,  in  fact,  during 
the  last  twenty  years  of  the  period  a  variation  of  only  about 
two  per  cent  in  the  yearly  percentages  from  their  average.  In 
earlier  years  there  is,  of  course,  less  consistency  because  of 
changes  in  rate  of  growth  and  immaturity  of  the  elements  of  the 
property.  It  is  the  writer's  belief  that  the  attached  table  repre- 
sents fairly  closely  the  normal  condition  of  an  urban  utility, 
although  the  assumed  uniformity  in  value  of  elements  and  regu- 
larity of  life  will  not  obtain  in  practise.  This  does  not  sustain 
the  author's  conclusions  that  no  approximation  to  uniformity  in 
per  cent  condition  is  to  be  expected  even  if  growth  continues. 
As  the  rate  of  growth  increases,  per  cent  condition  will  normally 
increase  with  full  maintenance  but,  as  the  author  states,  a  large 
liquid  depreciation  reserve  is  not  necessary. 

The  author  further  comes  to  the  conclusion  that  d^reciated 

Digitized  by  LjOOQ IC 


1916)  DISCUSSION  AT  NEW  YORK  1429 

values  should  be  used  in  determining  equitable  rates,  basing 
this  contention  upon  calculations  which  show  that  depreciated 
value  and  depreciation  reserve  are  together  equal  to  capital 
investment.  If  adequate  depreciation  reserves  were  always 
available,  there  would  be  no  question  of  injustice  to  investors  in 
using  depreciated  value,  if  a  full  return  were  available  from  an 
investment  of  the  reserve.  There  are,  however,  state  laws 
which  prohibit  distribution  of  income  from  invested  depreciation 
reserves  to  stockholders.  Under  such  circumstances  the  use  of 
a  depreciated  value  would  deprive  the  investor  of  an  adequate 
return. 

The  writer  wishes  to  voice  his  opposition  to  the  use  of  depre- 
ciated values  in  rate  cases,  recommending  instead,  full  value  or 
investment  in  connection  with  a  sinking  fund  rate  of  accrual  for 
replacepient  purposes.  It  is  easy  to  show  that  under  normal 
conditions  the  combination  of  a  return  on  full  value  plus  the 
comparatively  small  sinking  fund  accrual  for  replacements  is  ap- 
proximately equal  to  a  return  on  depreciated  value  together 
with  the  larger  straight  line  accrual  for  replacements. 

The  depreciated  value  method  involves  several  serious  diffi- 
culties. The  average  utility  does  not  earn  an  adequate  replace- 
ment reserve  in  its  early  years,  and  with  a  reasonable  hope  of 
making  up  the  deficiency  in  later  more  prosperous  years  when 
funds  are  actually  needed,  dividends  are  given  early  preference. 
The  utility  tray  fully  expect  to  adequately  provide  for  all  the 
necessary  upkeep  of  its  property,  but  would  be  seriously  em- 
barrassed by  an  early  rate  proceeding  which  established  a  de- 
preciated value  before  the  supplementary  replacement  reserve 
was  accumulated.  Furthermore,  in  a  rate  case  where  the 
utility  had  carefully  accumulated  what  in  its  judgment  was  a 
full  depreciation  reserve,  it  would  probably  be  found  that  engi- 
neers of  the  supervising  commission  would  find  in  their  judgment, 
on  examination  of  the  property,  a  higher  or  lower  depreciated 
value  than  that  estimated  by  the  utility.  To  the  extent  of  the 
difference  between  the  two  estimates  the  patrons  of  the  utility 
or  the  utility  itself  would  be  done  an  injustice  in  a  rate  proceed- 
ing. Such  probable  injustice  is  entirely  avoided  by  using  an 
undepreciated  value  with  a  sinking  fund  rate  of  accrual,  which 
requires  compounding  of  the  annual  contributions  to  the  reserve 
to  make  up  full  ultimate  replacement  requirements.  Utility  and 
commission  may  disagree  upon  the  useful  life  of  physical  prop- 
erty but  such  disagreement  does  not  affect  the  investor's  return, 
involving  only  the  amotmt  which  patrons  should  contribute  for 
the  upkeep  of  the  property.  There  is  usually  ample  opportu- 
nity of  adjusting  and  readjusting  the  annual  accruals  for  re- 
placements to  meet  actual  requirements.  If  a  commission  finds 
that  a  utility  has  neglected  to  accumulate  a  suitable  reserve,  and 
at  the  same  time  has  paid  excessive  dividends,  the  proper  remedy, 
it  is  submitted,  is  to  order  a  reduction  in  rate  of  dividends  until 
the  earlier  excess  has  been  offset  rather  than  to  permanently 
reduce  the  fair  value  of  thcxproperty.  ^  I 
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With  the  sinking  fund  method  it  is  necessary  to  provide  safe 
investment  for  the  annual  accruals  with  adequate  return  there- 
on. There  is  usually  sufficient  growth  in  public  service  prop- 
erties so  that  they  may  invest  their  reserves  in  their  own  busi- 
ness, such  investments  being  accounted  for  separately  from 
property  for  which  outside  investors  have  furnished  the  funds. 
The  requirements  for  a  liquid  reserve  are  not  different  from  those 
under  the  straight  line  method.  In  the  long  nm  with  approxi- 
mately uniform  replacements,  about  60  per  cent  of  the  annual 
cost  is  provided  from  current  contributions,  the  balance  from 
income  of  the  invested  reserve  which  will  normally  accumulate 
during  the  early  years  of  the  business  to  approximately  40  per 
cent  of  the  total  investment. 

The  author  assumes  that  if  a  utility  stops  growing  and  cannot 
use  straight  line  replacement  accruals  for  the  temporary  financing 
of  extensions,  such  accruals  might  be  returned  to  stockholders 
in  cash,  as  a  part  return  of  capital  and  not  as  a  dividend.  It  is 
believed  that  such  a  procedure  is  distinctly  xmdesirable  in  the 
case  of  public  utilities.  Conditions  might  arise  in  which,  with- 
out material  growth  the  original  property  was  allowed  to  seri- 
ously depreciate  and  a  large  proportion  of  its  original  cost  be 
returned  to  the  investors  in  addition  to  dividends.  In  case  of 
unwise  regulative  restrictions,  the  investors  might  decide  under 
such  circumstances,  that  it  would  be  expedient  to  salvage  their 
property  and  discontinue  the  business  rather  than  submit  to 
further  injustice.  Such  discontinuance  of  an  established  utility 
service  would  be  very  much  against  the  public  interest  and  its 
possibility  should  be  avoided  by  restricting  routine  payments 
to  investors,  to  interest  and  dividends  only. 

The  writer  finds  it  helpful  to  think  of  the  public  service 
problem  as  involving  three  distinct  interested  parties  instead  of 
the  two  parties  ordinarily  recognized  in  discussions,  namely,  the 
public  and  the  investor.  Between  these  two  parties  at  interest 
the  utility  itself  may  be  distinguished  as  a  third  party.  The 
utility  is  by  no  means  identical  with  the  investor.  It  looks  to 
the  investor  for  funds  as  it  looks  to  the  public  for  patronage. 
It  is  no  more  subject  to  the  command  of  one  than  to  the  other, 
unless  it  be  that  through  regulating  bodies  the  public  has  assumed 
a  more  dominant  position.  The  utility  should  be  looked  upon 
as  the  custodian  of  property  or  an  agent  or  trustee  for  both  the 
public  and  the  investor.  As  an  agent  it  is  an  intermediary  in 
all  transactions;  it  receives  the  customers  payments  for  services, 
disburses  a  part  of  them  for  expenses,  taxes,  etc.,  distributes  a 
part  to  the  investors  who  have  ftimished  construction  funds,  and 
should  retain  a  part  for  conservation  of  the  property  and  for 
contingencies.  The  investor  has  no  more  right  to  demand  a 
specific  return  from  the  utility  for  the  use  of  his  money  than  the 
public  has  to  demand  a  specific  kind  of  service.  That  the  util- 
ity is  or  should  be  trustee  of  funds  set  aside  for  replacements  to 
which  the  investor  has  no  right  is  a  point  commonly  overlooked 
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TABLE  I 
STUDY  OF  REPLACEMENT  COSTS  OF  A  TYPICAL  UTILITY  PROPERTY. 
Initial  property  value  $10,000.  Is  composed  of  twenty  units  o£  equal  value.  The 
first  unit  is  discarded  and  replacement  made  at  end  of  ten  years,  second  unit  at  end  of  eleven 
years  and  third  unit  at  end  of  twelve  years,  et  cetera.  New  property  is  acquired  at  rate  of 
10  per  cent  for  twenty  years.  7.5  per  cent  for  thirty  years  Snd  5  per  cent  for  fifty  years 
Each  yearly  increase  represents  the  addition  of  twenty  new  units  and  these  units  are  dis- 
carded and  replacements  made  after  the  tenth,  eleventh,  twelfth  year,  et  cetera,  in  the  same 
manner  as  the  original  twenty  units. 


Cost  of 

Ratio  of  replace- 

Value at 

Increase 

replacing 

ments  to  value 

beginning  of 

during 

discarded 

at  end 

Year 

each  year 

year 

property 

of  each  year 

1 

$    10.000 

$     1,000 

$     .. 

2 

11,000 

1.100 

3 

12.100 

1.210 

4 

13.310 

1,331 

5 

14.641 

1.464 

6 

16.105 

1.610 

7 

17.715 

1.771 

• 

8 

19.486 

1,949 

9 

21.435 

2,143 

10 

23.578 

2,358 

500 

1.93 

11 

25.936 

2.594 

550 

1.93 

12 

28.530 

2.853 

605 

1.93 

13 

31.383 

3.138 

665 

1.93 

14 

34.521 

3,452 

732 

1  93 

15 

37.973 

3.797 

805 

1.93 

16 

41.770 

4.177 

885 

1.93 

17 

45.947 

4.595 

974 

1.93 

18 

50.542 

5.054 

1,071 

1  93 

19 

55,596     ' 

5.560 

1.178 

1.93 

20 

61.156 

6.116 

1.795 

2.67 

21 

67,272 

5.045 

1,474 

2.08 

22 

72,317 

5.424 

2.121 

2.73 

23 

77.741 

5.831 

1.832 

2.19 

24 

83.572 

6.268 

2,516 

2.80 

25 

89.840 

6,738 

2,266 

2.34 

26 

96.578 

7.243 

2.993 

2.88 

27 

103.821 

7.787 

2,792 

2.50 

28 

111.608 

8.371 

3,571 

2.97 

20 

119.979 

8.998 

3.429 

2  66 

30 

128.977 

9.673 

4.271 

3.08 

31 

138.650 

10,399 

3.615 

2.42 

32 

149.049 

11,179 

4.386 

2  74 

33 

160.228 

12,017 

4.728 

2.74 

84 

172,245 

12,918 

5.097 

2.75 

35 

185,163 

13.887 

4.995 

2.51 

36 

199.050 

14.929 

6.344 

2.96 

37 

213.979 

16.048 

6.884 

2.66 

38 

230.027 

17.262 

6,828 

2.76 

39 

247.279 

18.546 

7.362 

2.77 

40 

265,825 

19.937 

8.440 

2.95 

41 

285,762 

21.432 

8.029 

2.61 

42 

307.194 

23.040 

9.640 

2.92 

43 

330.234 

24.768 

9.316 

2.62 

44 

355.002 

26.626 

11.019 

2.89 

45 

381.627 

28.622 

11.293 

2.75 

46 

410.249 

30.709 

12,153 

2.76 

47 

441,018 

33.076 

12.490 
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TABLE  I 
STUDY  OP  REPLACEMENT  COSTS  OP  A  TYPICAL  UTILITY  PROPERTY. 

(Continaed.) 


Coat  of 

1  Ratio  of  replace- 

Value at 

Increase 

replacing 

ments  to  value 

beginning  of 

during 

discarded 

at  end 

Year 

each  year 

year 

property 

of  each  year 

48 

474.094 

36.557 

14.922 

2  92 

49 

509.651 

38.224 

14.495 

2.64 

50 

647.875 

41,091 

16.564 

2.81 

51 

588.966 

29.448 

17.240 

2.79 

52 

618.414 

30.921 

19.108 

2  94 

53 

649.335 

32.467 

19.566 

2.87 

54 

681.802 

34.090 

22.007 

3.08 

55 

715.892 

35.796 

23.177 

3.08 

56 

751.687 

37.684 

25,494 

3.23 

57 

789.271 

39.464 

26.849 

3.24 

58 

828.736 

41.437 

28.946 

3.32 

59 

870.172 

43.509 

30.639 

3.35 

60 

913.681 

46.684 

34,931 

3.64 

61 

959.365 

47.968 

34,784 

3.45 

62 

1,007,333 

50.367 

36,699 

3.47 

63 

1.057.700 

62.886 

39.066 

3.52 

64 

1.110.585 

65.629 

41.233 

3.54 

65 

1.116.114 

58.306 

43.372 

3.54 

66 

1.224.420 

61.221 

46.192 

3.59 

67 

1.285.641 

64.282 

47.702 

3.53 

68 

1.349.923 

67.496 

50.822 

3.58 

69 

1.417.419 

70.871 

53.416 

3  59 

70 

1.488.290 

74,414 

67.315 

3.67 

71 

1.662.704 

78,136 

.'>8.152 

3  54 

72 

1.640.839 

82,042 

62,713 

3.64 

73 

1.722.881 

86.144 

63.779 

3.52 

74 

1.809.025 

90.461 

67.180 

3.54 

75 

1.899.476 

94,974 

70.869 

3.55 

76 

1.994.460 

99,722 

74.043 

3.54 

77 

2.094.172 

104.709 

77.066 

3.51 

78 

2.198.881 

109.944 

81.482 

3.53 

79 

2.308.825 

116.441 

83.935 

3.46 

80 

2.424.266 

121.213 

89.712 

3.63 

81 

2.545.479 

127,274 

92.312 

3.46 

82 

2.672.7.% 

133,638 

97.208 

3.46 

83 

2.806.391 

140.320 

102.142 

3.47 

84 

2.946,711 

147.336 

109.251 

3.53 

86 

3.094.047 

154,702 

113,345 

3.49 

86 

3.248.749 

162.437 

119,282 

3.49 

87 

3.411.186 

170.669 

125.027 

3.49 

88 

3.581.745 

179.087 

132.616 

3  63 

89 

3.760.832 

188.042 

138.420 

3.51 

90 

3,948.874 

197.444 

146.930 

3.54 

91 

4.146.318 

207,316 

162.658 

3.59 

92 

4.353.634 

217.682 

161.182 

3.54 

93 

4.671.316 

228.666 

168.004 

3.50 

94 

4.799.882 

239.994 

177.288 

3.52 

95 

5.039.876 

261.994 

186,168 

3.62 

96 

5.291.870 

264.593 

196.510 

8.64 

97 

5.666.463 

277.823 

205.021 

3.61 

98 

6.834.286 

291.714 

216.618 

3.64 

99 

6.126.000 

300.300 

226,128 

3.62 
^  3  M     T 

100 

6.432.000 

321.616 

237.830 
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and  which,  if  given  proper  consideration,  would  very  much 
simplify  depreciation  studies. 

It  should  be  clear  from  the  author's  paper  that  any  ftill  pro 
rata  accrual  for  replacements  results  in  a  reserve  which,  in  a 
growing  property,  is  never  used.  It  may  be  of  interest  to  note, 
in  connection  with  the  history  of  an  assumed  utility  shown  in 
the  accompanying  table,  that  the  annual  replacement  require* 
ments  of  this  utility  could  be  taken  care  of  by  an  accrual  without 
interest  accumulations,  started  after  the  end  of  ten  years,  at  the 
rate  of  3  per  cent  for  the  next  forty  years,  3.5  per  cent  for  the 
following  fifteen  years  and  3.69  per  cent  for  the  final  thirty-five 
years.  Such  accruals,  entirely  absent  from  the  first  ten  years, 
not  only  take  care  of  all  annual  requirements,  but  accumulate 
an  unused  reserve  which  is  always  slightly  greater  than  the 
current  annual  requirements. 

F.  C.  Merriell  (by  letter) :  The  matters  placed  in  issue  by 
the  recent  papers  on  appraisal  and  inventory  seem  to  be  merely 
a  reopening  of  what  has  always  been  a  fruitless  inquiry.  The 
general  nature  of  the  decisions  of  courts  indicates  clearly  that 
practise  and  present  needs  have  far  outrun  the  enlightenment  of 
the  judiciary  in  this  matter.  The  only  factor  contributing  in 
any  great  degree  to  the  solution  of  the  problem,  which  comes  from 
the  courts,  is  a  grudging  recognition  that  value  is  the  matter  in 
question  rather  than  cost,  and  that  generally,  items  of  value  are 
more  various  and  inclusive  than  items  of  cost. 

For  the  use  of  courts,  commissions,  and  the  operators  of  prop- 
erty, an  accurate  inventory  of  property  is  a  necessity  and  if 
it  can  be  maintained  continuous,  it  has  the  added  advantage 
and  no  mean  one,  that  all  the  force  of  the  operator  will  be  edu- 
cated in  the  business  of  appraisal.  This  is  a  lack  sadly  felt  at 
present  and  the  use  of  most  inventories  is  greatly  limited  be- 
cause of  it.  A  case  in  point  is  the  inventory  of  a  large  utility, 
with  which  the  writer  was  recently  associated.  The  necessary 
field  force  was  so  unversed  in  the  elements  of  value  resident  in 
such  property  that  the  inventory  did  not  at  all  meet  the  require- 
ment which  necessitated  it,  and  had  to  be  supplemented  with 
much  special  field  work  to  make  it  adequate.  It  was  in  the  first 
instance,  unusually  accurate  and  complete  as  to  quantity,  but 
the  saving  grace  of  well  trained  and  exercised  judgment  was  not 
always  apparent  in  the  first  listing.  A  continuing  education  in 
this  important  branch  of  engineering,  will  quite  materially  assist 
to  a  better  appreciation  of  how  constituent  parts  of  property 
accoimt  may  best  be  identified  in  inventories,  and  more  import- 
ant still,  it  ought  to  increase  the  knowledge  of  how  best  to  apply, 
and  when  most  economically  to  expend  renewal  and  maintenance 
fimds. 

In  his  paper  Mr.  Loebenstein  sets  up  a  number  of  paradoxical 
cases,  because  he  makes  his  appeal  only  on  the  basis  of  physical 
cost  and  not  upon  the  basis  of  value.  In  order,  if  possible,  to 
join  the  issue  Jet  »n  e35treme  case  be  cited. 
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A  pole  line  has  been  built  through  a  desolate  country  and 
provides  service  between  the  communities  at  its  ends.  It  is  no 
matter  for  consideration  whether  the  property  shall  have  been 
a  wise  investment  or  not,  but  for  a  specific  case  it  may  be  as- 
sumed that  the  service  is  adequate  and  that  the  projectors  are 
making  a  profit.  Every  part  of  the  property  has  however,  suf- 
fered a  lessening  from  its  merchant  price,  by  reason  of  the  hand- 
ling incident  to  erection,  and  by  its  removal  from  the  regular 
channel  of  trade  to  its  present  location.  Thus  early  it  begins  to 
appear  that  the  merchant  price  has  ceased  to  be  a  criterion  of 
its  value,  even  as  property  merely,  and  the  charges  which  have 
been  added  to  the  merchant  cost,  while  necessary  for  the  specific 
service  are  in  a  very  real  way  penalties  against  that  cost  or  price 
when  all  the  factors  going  to  make  its  condition  piu-ely  as  prop- 
erty, are  considered. 

The  country  being  desolate  and  uninhabited,  it  may  very  well 
be,  indeed,  that  the  property  has  no  commercial  worth  whatever, 
no  matter  what  its  physical  state  may  be.  Many  such  lines 
exist  today  which  cannot  be  dismantled,  should  such  a  thing  be 
contemplated.  The  poles  are  not  numerous  enough  to  pay  to 
gather  them  for  firewood,  at  the  expense  of  the  labor  per  pole 
involved.  The  more  durable  units  of  property  cannot  be  sold 
for  the  cost  of  their  collection.  Irrespective  of  the  physical  cost 
or  condition  therefore,  this  property  is  quite  worthless  as  such 
and  neither  additions  to  it  nor  extensions  nor  enlargements  of  it 
will  in  any  case  increase  its  worth  as  property,  in  its  location. 
In  this  case  it  appears  that  the  criterion  of  the  value  of  the 
property  is  not  its  worth  as  so  many  units  of  various  physical 
things,  but  in  its  opportunity  as  a  conception  and  its  adequacy 
as  the  realization  or  embodiment  of  that  conception. 

Therefore  the  physical  cost  is  an  element  only  in  so  far  as  it 
enables  the  entrepreneur  to  demonstrate  that  he  has  done  an 
adequate  thing  economically  and  that  no  penalty  ought  to  be 
levied  against  him  for  the  cost  he  has  so  far  incurred  because  he 
is  supplying  an  obvious  need;  and  further  that  this  physical  cost 
together  with  all  the  other  things  he  has  done,  appraised  at  their 
proper  price,  which  make  the  property  a  utile  and  reliable  pub- 
lic institution,  are  to  be  included  in  determining  its  value. 

It  has  been  attempted  to  show  that  the  physical  cost  or  con- 
dition is  really  a  minor  factor  in  arriving  at  value,  and  if  that 
inference  can  be  drawn  from  the  extreme  case  cited,  what  follows 
may  seem  logical.  The  physical  cost  having  been  admitted  as 
one,  and  not  the  only,  element  of  value,  and  specific  condition 
being  a  mere  derivative  of  the  course  of  all  things  physical  and 
the  fact  of  their  existence,  a  further  assumption  is  taken.  If  it 
was  worth  for  the  original  purpose  of  the  undertaking,  all  it  cost 
to  place  the  various  vmits  of  property  in  their  present  position 
and  use,  how  can  it  be  said  from  that  time  each  such  unit  began 
inexorably  and  without  qualification  to  become  of  less  worth. 
The  fact  which  is  well  known  and  a  stubborn  one,  that  nearly 
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every  kind  of  property  passes  through  a  long  period  after  its 
first  utilization,  when  the  value  of  its  service  does  not  apprecia- 
ably  lessen,  is  vital  here,  and  points  to  the  conclusion  that  the 
character  of  its  use  and  the  length  of  time  it  will  continue  to 
render  satisfactory  service,  are  the  real  criteria  of  its  value  and 
that  physical  appearance  or  condition  is  of  little  moment,  except 
as  it  is  the  visible  evidence  of  care  and  forethought,  (or  the  lack 
of  these)  in  maintaining  the  property. 

The  fact  that  renewal  or  replacement  would  be  necessary  did 
not  in  the  first  instance  surprise  the  entrepreneur,  for  he  accepted 
these  things  as  one  of  the  necessary  risks  or  expenses  of  his 
business.  He  has  never  charged  himself  with  the  duty  of  cre- 
ating a  certain  standard  of  appearance  in  his  property  to  betoken 
a  satisfactory  condition,  but  has  rather  given  his  best  perception 
to  the  effort  to  detect  the  first  falling  off  from  the  highest  standard 
of  service,  and  has  esteemed  the  deterioration  of  his  property  to 
be  first  betrayed  by  its  failure  to  render  that  high  type  of  service. 
He  is  not  and  never  can  be  interested  in  an  attempt  to  ascertain 
what  percentage  of  condition  as  merchant  property  his  plant 
has  reached,  but  he  is  vitally  interested  if  it  appears  that  he  must 
increase  its  facilities  or  replace  some  of  its  tmits  to  keep  it  doing 
what  is  required  of  it. 

If  he  be  called  upon  at  any  time  to  evaluate  the  property,  it 
is  generally  agreed  that  he  has  a  right  in  its  physical  condition, 
which  might  be  even  better  expressed  if  it  were  said  that  he  had 
a  duty  to  make  those  changes  and  renewals  which  will  serve  to 
maintain  the  standard  of  its  usefulness.  If  he  has  accumulated 
funds  for  all  the  charges  in  reasonable  prospect,  he  ought  not  to 
be  said  to  own  less  than  he  formerly  did.  If  he  sell  his  property 
he  will  expect  to  receive  the  full  price  of  it,  including  the  amoimt 
of  his  provision  for  the  future  or  he  will  take  the  sum  he  has  so 
set  aside  as  a  part  of  the  purchase  price  and  the  purchaser  will 
thereupon  have  to  set  up  a  similar  fund  in  order  properly  to 
administer  it.  Current  practise  thus  illustrates  that  the  concept 
of  depreciation  cannot  make  its  way  against  the  logic  of  actuality. 
And  the  property,  which,  having  no  provision  for  proper  renewals 
and  needing  them,  is  sold,  suffers  in  price  to  exactly  the  degree 
in  which  it  has  been  neglected,  thus  proving  in  too  many  cases 
that  the  protection  of  regulation  has  not  at  the  present  reached 
that  bi-lateral  efficiency  which  has  always  been  so  strongly 
urged  for  it. 

The  projector,  when  he  undertakes  the  business  has  certain 
definite  aims:  on  the  one  hand  to  supply  such  a  commodity  as 
will  be  acceptable  to  his  public;  on  the  other  to  gain  as  much  as 
he  may;  and  as  a  corollary  of  the  latter  he  expects  nothing  else 
than  that  the  business  shall  maintain  all  the  necessary  charges 
as  well  as  the  profit  he  desires,  and  that  consensus  of  opinion 
called  good  practise,  supports  him  in  the  idea  that  he  ought,  if 
he  can,  to  make  renewals  and  replacements  in  the  ordinary  sense 
from  earnings,  inasmuch  as  these  are  ordinary  things,  to  be 
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ordinarily  met.  If  it  is  right  therefore  to  take  from  earnings  to 
make  good  these  things,  it  is  wrong  to  contend  that  the  earnings 
so  taken  are  a  penalty  against  capital  and  reduce  it  by  so  much. 
If  the  provision  is  not  made,  the  capital  is  indeed  subject  to 
reduction  in  the  amount  required  for — what?  To  replace  any 
fixed  percentage  of  physical  condition  ?  *  By  no  means.  To  re- 
store the  service.  If  it  were  possible,  there  could  be  nothing 
more  desirable  than  a  vmiform  method,  which  could  in  fairness 
be  applied,  to  assure  that  there  was  the  proper  intention  on  the 
part  of  the  projector  to  continue  his  effort  to  give  adequate 
service,  which  is  the  end  really  to  be  served  by  such  provision, 
but  experience  demonstrates  that  uniformity  is  not  in  arty  very 
immediate  prospect  as  a  solution  in  this  matter. 

This  view  of  the  matter  of  so-called  depreciation  is  not  a  new 
one,  the  writer  having  first  formtilated  it  to  his  own  satisfaction 
in  a  private  report  some  five  years  ago.  As  long  as  four  years 
ago  the  receiver  of  a  large  utility  defended  and  made  good  hi« 
defense  of  the  attitude  that  he  would  not  recognize  any  scheme 
of  artificial  penalization  in  lieu  of  his  forethought  and  skill  as  a 
manager.  A  discussion  of  the  whole  matter  from  quite  a  similar 
viewpoint  and  with  more  attention  to  the  mechanism  of  the 
scheme  was  published  by  Mr.  C.  E.  Grunsky  in  Vol.  LXXIX 
Trans.  A.  S.  C.  E.  Finally  it  must  be  said  that  much  of  the 
difficulty  of  the  whole  matter  at  issue  will  be  solved  when  it  is 
recognized  as  a  basis,  that  projectors,  as  corporations  or  the 
creators  of  corporations,  are  not  willing  to  accept  cheerfully  any 
less  fairness  than  any  other  component  part  of  the  public  is 
willing  to  have. 

J.  Loebenstein:  Referring  to  Mr.  Nash*s  discussion,  I  call 
attention  to  the  fact  that  when  appraisals  are  made  and  esti- 
mates of  requirements  for  future  renewals  desired,  these  estimates 
are  made  on  the  assumption  that  end  of  growth  has  been  cached. 
Our  predictions  of  what  will  be  necessary  in  the  f uturer  are  based 
on  what  we  know  of  the  past.  It  will  certainly  be  necessary  to 
revise  our  estimates  from  time  to  time,  but  these  revisions  will 
in  turn  be  based  upon  the  past. 

The  Curve  VII,  which  Mr.  Nash  notes,  is  based  on  the  assump- 
tion that  end  of  growth  has  been  reached  just  as  is  Curve  VIII. 

In  Mr.  Merriell's  discussion  the  statement  is  made:  '*Ifhe  sell 
his  property  he  will  expect  to  receive  the  full  price  of  it,  includ- 
ing the  amount  of  his  provision  for  the  future  or  he  will  take 
the  sum  he  has  set  aside  as  a  part  of  the  purchase  price  and  the 
purchaser  will  thereupon  have  to  set  up  a  similar  fund  in  order 
properly  to  administer  it." 

In  my  paper  I  tried  to  show  what  factors  should  be  considered 
and  in  what  manner  the  funds  above  referred  to  should  be 
gathered.  This  cannot  be  done  without  some  projected  basis 
of  renewals,  based  on  the  physical  cost  which  Mr.  Merriell  con- 
siders only  a  minor  factor. 
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CERAMICS  IN  RELATION  TO  THE  DURABILITY  OF 
PORCELAIN  SUSPENSION  INSULATORS 


BY  HARRIS  J.  RYAN 

Abstract  of  Paper 

The  fundamental  requirements  in  satisfactory  high- voltage 
line  insulators  are  summarized  and  particular  em{)hasis  is  placed 
upon  the  need  for  coordinated  study  of  service  durability. 
The  effect  of  porosity  upon  durability  is  explained  in  detail  and 
an  appeal  made  for  the  establishment  of  a  practical  porosity 
elimmation  test. 

The  manufacture  and  structure  of  electrical  porcelain  is 
studied  from  the  viewpoint  of  the  ceramist,  with  many  quo- 
tations and  illustrations  taken  from  the  Transactions  of  the 
American  Ceramic  Society. 

The  author  briefly  states  the  conclusions  at  which  he  has 
arrived  and  gives  a  very  complete  list  of  references  and  notes. 

DURABILITY  is  one  of  several  fundamental  requirements  in  a 
satisfactory  high-voltage  line  insulator.     These  require- 
dents  are: 

1.  Electrical  Requirements. 

a.  Electrical  strength  of  dielectric. 

b.  Refractoriness  of  dielectric. 

c.  Design  of  electrical  features. 

2.  Mechanical  Requirements. 

a.  Mechanical  strength  and  toughness  of  dielectric. 

b.  Design  of  mechanical  and  thermal  features  and  their  co- 
ordination with  requisite  electrical  features. 

3.  Durability  Requirement. 

Minimum  attainable  deterioration. 

4.  Cost  Requirement. 

Best  insulators  that  the  art  can  produce  at  a  minimum 
cost  which  the  practise  can  afford. 

The  modern  porcelain  suspension  insulator  is  generally  ac- 
cepted in  the  present  state  of  the  art  as  meeting  the  above  re- 
quirements to  the  greatest  extent.  In  respect  to  these  require- 
ments the  service  it  renders  is  reasonably  satisfactory  except  as 
to  durability.  Effort  is  now  being  made  by  manufacturers  and 
engineers  to  produce  and  to  accept  only  such  high-voltage  porce- 
lain insulators  as  will  not  fail  under  ordinary  conditions  of  use 
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or  non-use  in  ten  years  or  more.  As  yet  there  is  no  assurance 
that  this  result  has  been  accomplished.  If  the  causes  of  the 
failure  of  insulators  with  time  were  fully  understood,  more  effec- 
tive work  could  be  done  to  eliminate  them.  At  present,  after 
much  effort  in  many  quarters,  these  causes  are  known  and  under- 
stood only  to  a  limited  extent. 

Hardly  any  of  the  requirements  of  an  insulator  stand  alone  and 
unrelated  to  the  rest.  Particularly  is  this  true  of  durability. 
Most  of  the  features  and  of  the  properties  of  the  materials  that 
constitute  an  insulator  are  related  to  its  durability.  It  is  not 
reasonable  to  expect,  therefore,  that  decided  improvement  in  the 
durability  of  the  insulator  can  be  made  without  a  thorough 
going  study  by  which  full  knowledge  will  be  developed  of  all 
the  facts  for  the  materials  and  their  forms  that  enter  into  the 
make-up  of  the  insulator. 

There  are  two  distinct  phases  of  durability : 

1.  Ability  to  endure  sufficiently  an  adopted  set  of  acceptance 
tests. 

2.  Ability  to  endure  operating  service  conditions  and  the  ac- 
tion of  the  elements  during  a  reasonably  long  period  of  time,  i.e., 
ten  years  and  upwards. 

We  may  for  the  present  call  the  former  acceptance  durability 
and  the  latter  service  durability. 

Insulators  must  be  bought  and  paid  for  largely  through  the 
results  of  acceptance  tests.  On  account  of  the  great  length  of 
time  involved,  few  if  any  can  be  bought  on  the  basis  of  an  ulti- 
mate durability  in  service  which  years  alone  can  determine.  The 
present  day  suspension  insulator  was  introduced  nearly  ten  years 
ago  and  service  durability  results  are  now  accumulating  rapidly. 
It  is  generally  conceded  that  the  difference  between  acceptance 
and  service  durabilities  is  too  great  and  must  be  reduced.  The 
remedy  is  being  sought  for  and  applied  through  causes  of  failures 
in  and  out  of  service  as  related  to  the  past  and  present  states  of 
the  art.  A  large  amount  of  coordinated  effort  of  all  concerned  and 
able  to  take  part  is  required  to  discover  these  causes.  The  study 
of  the  service  durability  of  high-voltage  insulators  must  have  a 
number  of  well  defined  and  not-to-be-forgotten  points  of  appli- 
cation in  order  that  the  greatest  advance  in  this  durability  may 
ultimately  be  attained;  they  are; 

1.  Insulators  that  have  and  have  not  failed  in  service. 

2.  Insulators  that  have  deteriorated  when  not  in  service. 

3.  Laboratory  treatments  that  will  cause  insulators  to  fail. 
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4.  Factory  materials,  design  and  technique  in  relation  to  sub- 
sequent failure  of  insulators. 

5.  Laboratory  science  studies  of  everything  that  can  be  per- 
ceived about  the  materials,  their  form  and  assembly  for  insulators. 

6.  Coordination  of  all  known  knowledge  that  can  have  any 
possible  bearing  upon  insulator  durability. 

Studies  have  to  be  made  by  factory  and  transmission  engi- 
neers and  by  ceramists,  geologists,  chemists  and  physicists  at  all 
of  these  specified  points  of  application.  Everywhere  the  work 
amounts  to  little  more  than  a  beginning  and  much  more  remains 
to  be  done  if  the  porcelain  insulator  is  to  be  made  thoroughly 
reliable  in  practise. 

In  a  conference  with  Dr.  J.  C.  Branne/,  a  geologist  with  a  wide 
knowledge  of  rock,  clay  and  earth  products,  it  was  learned  that 
high  durability  must  not  be  expected  of  porous  bodies  even  when 
they  are  constituted  of  porcelain.  To  retain  the  original  integ- 
rity of  clay  products  generally  their  vitrification  must  be  carried 
far  enough  to  make  them  virtually  proof  against  the  absorption 
of  moisture.  In  witness  thereof,  he  exhibited  a  porous  clay  prod- 
uct dish  covered  with  an  imperfect  glaze.  A  student  in  biology 
for  a  comtemplated  experiment  had  dissolved  a  salt  in  some  water 
placed  in  this  dish.  Interest  in  the  undertaking  was  then  lost 
and  the  dish  containing  the  solution  was  allowed  to  stand  in  the 
laboratory  untouched  for  a  number  of  weeks.  In  the  meantime 
the  solution  entered  quite  generally  into  the  pores  of  the  porous 
dish  body.  Later  as  the  water  evaporated  from  the  dish  and 
from  its  porous  body  salt  was  deposited  throughout  the  pores. 
The  salt  formed  crystalline  structures  that  developed  excessive 
internal  mechanical  stresses  throughout  the  dish.  Complete  ruin 
of  the  dish  resulted,  chiefly  through  the  production  of  large  and 
small  spalls  and  cracks.  As  a  structure,  however,  the  dish  had 
remained  whole.  In  respect  hereof  materials  in  solution  are 
divided  into  two  classes: 

1.  Materials  that  expand  when  passing  from  the  liquid  to  the 
solid  state  by  freezing  or  by  crystallizing  from  a  saturated  solution 

2.  Materials  that  do  not  expand  in  the  same  circumstances." 
The  former  materials  only  produce  the  mechanical  injury  in 

porous  structures,  though  injury  by  electric  conduction  that  each 
class  of  materials  may  cause,  so  long  as  any  moisture  remains  in 
them,  must  ever  be  kept  in  mind. 

Regarding  the  claim  that  ample  vitrification  of  porcelain  will 

14.     For  references  see  notes  at  end  of  paper.  ^^  ^ 

Digitized  by  LjOOQ IC 


1440  R  YA  N:  INS  ULA  TORS  [Nov.  24 

make  it  brittle  and  mechanically  unreliable,  it  was  learned  from 
the  same  authority  that  the  way  out  of  the  diflSculty  should  be 
to  select  materials  that  would  have  to  be  vitrified  at  higher  tem- 
peratures resulting  in  a  greater  toughness  of  product.  As  evi- 
dence thereof  the  production  of  satisfactory  paving  brick  in  our 
country  was  referred  to.  This  is  accomplished  by  ample  vitri- 
fication of  materials  so  chosen  and  proportioned  that  high  tem- 
peratures must  be  applied  for  the  result.  The  enhanced  dura- 
bility of  the  brick  is  worth  more  than  the  increased  cost  of 
vitrifying  at  the  higher  temperatures. 

It  has  long  been  known  that  porcelain  for  high-voltage  line 
insulators  affords  no  dependable  service  durability  when  made  by 
the  dry  process  and  that  a  fair  service  durability  for  a  large 
portion  of  the  product  is  rendered  when  made  by  the  wet  process. 
In  dry  process  porcelain  the  porosity  can  be  reduced  to  one  per 
cent  only  with  difficulty,^  whereas  in  a  major  portion  of  the  high 
grade  wet  process  porcelain  the  porosity  is,  by  comparison,  very 
low  i.e.  one  tenth  per  cent  or  less.*  Thus  practical  experience  estab- 
lishes the  fact  that  the  lowest  degree  of  porosity  that  the  art  can 
be  made  to  produce  is  a  service  durability  requirement  of  the 
highest  importance.  Porous  porcelain  when  waterlogged  be- 
comes virtually  an  electrolytic  conductor  and  a  failure  as  an 
insulator.  Its  failure  to  insulate  would  be  less  decisive  if  tmder 
the  circumstances  its  temperature-resistivity  coefficient  were  not 
negative  in  sign  and  so  high  in  value.  As  soon  as  local  heat  is 
generated  the  whole  current  flowing  through  the  porcelain  body 
must  inevitably  be  concentrated  upon  a  route  so  narrow  that 
intense  heating  occurs  resulting  in  fusion  or  burning  and  the 
production  of  a  conducting  core. 

Portland  cement  is  generally  used  to  attach  the  metal  pins  and 
caps  to  the  porcelain  insulator  bodies.  The  details  of  cement 
curing  are  well  known.  First  a  saturated  solution  is  formed  of  the 
new  cement  in  the  excess  of  water  present.  When  the  insulator 
body  is  porous  such  saturated  solution  is  absorbed.  Later  all 
free  water  evaporates  and  the  material  in  solution  in  the  pores 
of  the  porcelain  remains  as  crystals  producing  great  mechanical 
stresses  as  already  shown. 

Insulators  are  carefully  designed  to  minimize  cracking  of  the 
porcelain  body  by  thermal  expansion  stresses.  With  porcelain 
sufficiently  porous  to  permit  cement  crystals  to  form  within  the 
body  it  would  seem  to  be  too  much  to  expect  of  any  design  that 
no  cracks  would  occur.    The  combination  of  mechanical  stresses 
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produced  by  the  crystals  and  by  differential  thermal  expansions 
must  inevitably  produce  more  cracks  in  the  porcelain  body  than 
from  these  causes  acting  alone. 

Porous  porcelain  in  an  insulator  captures  moisture  in  damp 
weather  and  liberates  it  in  dry  weather.  Each  weather  cycle 
will  deposit,  however  minute,  a  certain  quota  of  soluble  salts. 
Thus  eventually  salt  will  have  accumulated  in  the  porcelain 
body  to  such  an  extent  that  it  must  fail  as  a  dielectric  due  to 
cracks  in  dry  weather  increased  by  sudden  temperature 
changes  or  by  electrolytic  conduction  in  wet  weather  or  all 
together  in  a  manner  difficult  to  recognize.  Old  cement  is  a 
decidedly  porous  body  that  must  also  tend  to  swell  and  produce 
large  mechanical  stresses  when  foreign  crystals  have  been  deposi- 
ted in  its  pores.  It  is  thus  seen  that  porous  porcelain  must 
eventually  fail  as  an  insulator.  Likewise  the  porosity  of  the 
cement  used  in  attaching  the  caps  and  pins  must,  for  much  the 
same  reason,  be  a  cause  that  aids  in  bringing  about  the  failure 
of  an  insulator  with  time.  It  is  said  that  the  high  grade  electrical 
porcelain  is  fired  to  cone  twelve  temperature,  1355  deg.  cent.* 
The  maker  claims  that  an  underfired  body  will  be  tough  and 
mechanically  reliable  and  an  overfired  body  will  be  brittle  and 
mechanically  unreliable.  It  is  a  well  established  fact  that  high- 
grade  porcelain  underfired  is  decidedly  porous  and  unfit,^  that 
from  an  electrical  viewpoint  only,  fully  fired  porcelain  has  its 
pore  systems  amply  closed  (rendered  vesicular)  and  overfired 
porcelain  bodies  are  apt  to  have  a  "bleb"  structure  due  to  the 
concentration  of  gases  sealed  up  in  the  pore  system  or  to  the 
evolution  of  gases  in  reactions  that  may  occur.* 

In  view  of  these  things  it  should  not  be  permitted  to  meet 
mechanical  loading  requirements  by  the  expedient  of  underfiring 
which  is  bound  to  reduce  service  durability.  The  assumption 
that  the  cracking  of  insulator  porcelain  bodies  may  be  avoided 
by  annealing'  and  by  form  design  must  in  time  be  a  disappoint- 
ment if  porosity  of  porcelain  and  of  cement  is  permitted.* 

The  foregoing  considerations  indicate  that  acceptance  tests 
must  include  a  practical  porosity  elimination  test  as  soon  as  it  can 
be  devised.  Professor  Creighton  has  indicated*  and  the  work 
reported  in  the  present  papers  shows  that  slightly  porous  porce- 
lain does  not  by  all  ordinary  means  admit  moisture  quickly  to 
any  considerable  portion  of  the  body.  It  is  true  that  ceramists 
take  the  amount  of  water  absorbed  by  a  porcelain  as  a  measure 
of  its  porosity.     However,  unless  the  test  specimen  is  thin  it  is 
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broken  into  small  fragments  before  being  immersed  in  water. 
Even  so  it  is  quite  likely  that  the  best  porosity  measuring  tech- 
nique of  the  ceramist  will  have  to  be  improved  upon  in  order  to 
measure  with  fair  exactness  the  low  values  of  porosity  that  occur 
in  high-voltage  porcelains  offered  for  acceptance.  The  above 
remark,  that  it  is  ordinarily  difficult  to  cause  water  to  penetrate 
slightly  porous  unglazed  porcelain,  applies  only  to  porcelain  in 
bulk  of  insulator  size. 

The  hunt  is  being  continued  for  methods  by  which  slightly 
porous  porcelain  can  be  made  to  take  up  water  quickly  to  a  con- 
siderable depth  thereby  correspondingly  decreasing  the  insulation 
resistance  and  thus  to  determine  electrically  the  existence  of  the 
porosity  without  injuring  the  insulator.  The  following  tests 
were  applied  to  unmounted  insulators  having  caps  unglazed  inside 
and  out  and  which  were  known  to  be  porous  because  their  re- 
sistance rose  through  oven  treatment.  The  last  method  tried 
and  here  listed  for  detecting  porosity  did  not  involve  water 
absorption:  • 

1.  Two  insulators  were  immersed  in  live  steam  for  four  hours 
without  result  as  to  moisture  absorption. 

2.  They  were  immersed  in  live  steam  for  four  hours  during 
which  cold  tap  water  was  circulated  through  the  interior  of  the 
caps  without  moisture  absorption  result. 

3.  Using  tap  water  electrodes,  25,000  continuous  volts  were 
steadily  applied  through  the  cap  of  one  of  these  units  for  a  period 
of  two  hours  during  which  the  current  flowing  was  observed  in 
the  high-duty  megger  outfit.  No  change  in  the  resistance  of  the 
insulator  occurred,  showing  that  moisture  could  not  have  been 
driven  to  considerable  depths  by  the  electrical  and  capillar^' 
forces  during  the  time  of  the  test.  * 

4.  A  trial  suggested  by  Mr.  J.  P.  JoUyman:  Dried  porcelain 
known  to  be  porous  and  non-porous  insulators  were  megged, 
using  10,000  continuous  volts  applied  through  the  outer  layer  of 
the  cap  and  megged  again  after  soaking  in  tap  water  over  night. 
The  overnight  soaking  caused  the  resistance  of  the  porous  in- 
sulators, only,  to  be  lowered  decidedly. 

5.  The  caps  of  dry  unmounted  porous  and  non-porous  insula- 
tors were  subjected  to  ten  kilovolts,  sustained  uniformly  at 
325,000  cycles  per  second  for  five  minutes.  Temperatures  of  the 
outer  crowns  of  the  caps  were  taken  immediately  before  and 
after  the  test.  After  immersion  over  night  in  tap  water  the  tests 
were  again  repeated.     The  heating  of  the  dry  porous  insulators 
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was  slightly  more  than  of  the  dry  non-porous  while  for. those 
soaked  in  water  over  night  the  heating  was  decidedly  greater  for 
the  porous  than  for  the  non-porous  insulators. 

6.  Trial  by  gaseous  conduction  in  lieu  of  electrolytic  conduc- 
tion: Dr>'  porous  and  non-porous  insulators  were  megged  again 
with  all  conditions  the  same  except  that  the  electrode  facing  the 
outer  surface  of  the  caps  was  constituted  of  ionized  gas  liberated 
from  an  adjacent  needle  point  connected  to  the  galvanometer 
and  properly  guarded.  The  results  showed  that  slight  porosity 
can  not  be  located  by  this  method. 

A  look  into  the  Transactions  of  the  American  Ceramic  Society 
reveals  the  fact  that  ceramists  have,  in  recent  years,  conducted 
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several  investigations  of  electrical  porcelains  that  are  of  interest 
to  transmission  engineers.  As  the  contents  of  these  transactions 
do  not  appear  to  be  generally  known  the  author  ventures  to 
present  certain  diagrams  and  abstracts  taken  from  these  papers. 
In  a  study  of  explorations  to  find  porcelains  that  should  be 
suitable  for  high-voltage  insulators  at  the  University  of  Illinois, 
Bleininger  and  StulP  made  up  about  450  separate  and  distinct 
specimens  of  clays,  spars  and  flints  varying  in  kind  and  propor- 
tions. By  permission  of  the  American  Ceramic  Society  Figs.  13, 
14,  15,  29,  30  and  31  of  the  original  paper  ai:e  reproduced  here- 
with. The  first  three  are  porosity'temperature'ComposUion  dia- 
grams and  the  last  three  are  corresponding  triaxial  diagranj^^in 
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which  the  dielectric  strength  (by  slowly  applied  voltage  required 
to  puncture  under  oil)  and  composition  are  coordinated  topo- 
graphically. These  diagrams  are  self-explanatory  though  a  few 
corresponding  quotations  from  the  paper  are  helpful. 

"All  porcelain  bodies  absorbing  not  more  than  0.1  per  cent  of 
water,  by  weight,  upon  boiling  in  vacuo  are  considered  vitrified." 

'* Tennessee  Ball  Clay.**  "The  less  refractory  character  of  this 
clay  is  indicated  by  the  large  range  covered  by  the  temperature 
area  below  cone  10,  (1305  deg.  cent.)".     Figs.  13  and  29. 

"TAe  North  Carolina  Kaolin  offers  quite  a  contrast  to  the  last 
material,  in  as  much  as  its  vitrification  area  is  quite  small  at 
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Fig.  29 — Tennessee  Ball  Clay 

temperatures  up  to  cone  10.  The  range  is  decidedly  increased 
at  the  higher  temperatures."  Figs.  14  and  30. 

*'The  English  China  Clay  differs  from  preceding  clays  in  that 
its  vitrification  boundaries  slope  far  more  gradually  in  spite  of 
the  fact  that  its  alkali  content  is  not  greater  than  that  of  the 
North  Carolina  kaolin."  .  .  "It  is  evident  that  thismaterial 

differs  considerably  from  similar  American  clays  in  this  respect 
due  to  its  structure  or  fineness  of  grain.  Its  vitrification  area  is 
quite  large."     Figs.  15  and  31. 

*' Dielectric  Behavior,**  The  voltages  have  been  arranged  in 
three  groups  which  are:  less  than  10,000  volts  per  mm.,  from  10,000 
to  14,000  volts  per  mm.,  and  from  14,000  to  18,000  volts  per  mm." 
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Fig.  30 — North  Carolina  Kaolin 
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Pig.  31 — English  China  Clay 
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The  electrical  resistance  (strength  against  puncture 
under  oil)  seems  to  depend  more  upon  sound  vitrification  and 
good  mechanical  strength  than  chemical  composition,  excepting, 
of  course,  in  so  far  as  the  latter  governs  the  vitrifying  behavior/* 
Figs.  29,  30  and  31. 

Later  these  studies  were  continued  at  the  University  of  Illinois 
by  B.  S.  Radcliffe  under  the  supervision  of  Professor  StuU."  A 
number  of  decidedly  porous  porcelains  were  found  having  (when 
dry)  high  dielectric  strength.  The  results  obtained  are  given  in 
the  triaxial  diagram  Fig.  5  of  this  paper,  reproduced  herein  by 
permission  of  the  American  Ceramic  Society.     Used  for  high- 
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Fig.  5 — Relative  Porosities  and  Dielectric  Strength  of  Fireclay 
Mixtures  Burned  to  Cone  12^ 

voltage  line  insulators,  however,  these  porcelains  would  in  time 
become  water-logged  and  salt  laden  and  would  eventually  fail. 
Nevertheless  the  results  are  deemed  of  real  importance  to  the 
transmission  engineer  for  they  corroborate  the  corresponding  fact 
reported  in  the  present  set  of  papers  and  earlier  by  Bang,^*  viz. 
that  dry  porcelain  when  decidedly  porous  may  possess  a  fairly 
high  dielectric  strength.  Initial  dielectric  strength  can,  there- 
fore, be  no  complete  measure  of  the  electrical  service  durability 
of  a  high-voltage  line  insulator. 

In  a  critical  study  of  the  foregoing  results  in  ceramics  one  is 
brought  to  the  conclusion  that  the  desirable  Q^^^i^^^fji^i jJ^^@^OqIc 
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porcelain,  refractoriness  and,  therefore,  toughness  and  vitrious- 
ness  orimperviousness,  are  to  be  gained  only  through  a  high  con- 
tent of  flint  fired  at  an  amply  high  temperature.**  Fused  flint, 
quartz  or  silica  as  it  is  variously  called  is  thus  indicated  as  the 
limiting  outcome  of  the  use  of  more  flint  and  less  spar  and  clay. 
Quartz  goes  gradually  into  fluidity  only  at  a  higher  temperature 
than  platinum.  In  giving  up  its  crystalline  structure  through 
heat  it  is  subject  to  an  extraordinary  degree  of  cracking,  whereby 
it  captures  large  quantities  of  air  or  other  gases  in  the  furnace." 
It  is  difficult  to  fluidify  the  quartz  without  evaporation  sufficiently 
to  liberate  such  entrained  gases.  These  difficulties  have  been 
overcome  in  recent  years  sufficiently  so  that  chemical  ware  of 
fused  quartz  can  now  be  afforded  to  a  limited  extent.  Once  fused 
and  freed  of  gas  "blebs",  quartz  has  incomparable  electrical,  re- 
fractory and  thermal-mechanical  properties.  It  is  not  injured  if 
when  red  hot,  it  is  plunged  into  cold  water.  When  it  can  be 
fluidified  by  special  treatment  in  an  electric  furnace  sufficiently 
to  be  cleared  of  all  entrained  gas  it  may  then  be  cast  in  cold 
metal  moulds  to  form  high-voltage  insulators.  Until  this  can 
be  done  with  quartz  or  some  materials  having  much  the  same 
properties,  porcelain  will  doubtless  remain  in  use  for  such  purpose. 

Wet  process  porcelain  is  roughly  moulded  to  form  in  the  plastic 
state,  then  dried  to  the  '*leatherhead"  state,  removed  from  the 
moulds,  tooled  to  exact  form,  slowly  fired  and  slowly  cooled  with- 
out further  resort  to  moulds.  This  solid  vitrification  without  the 
use  of  moulds  and  without  deformation  is  at  once  its  greatest  ad- 
vantage and  disadvantage.  The  initial  stages  of  the  process 
develop  a  pore  system  in  the  green  porcelain  body  that  can  be  elim- 
inated or  rendered  vesicular  only  by  the  best  possible  technique 
applied  to  each  and  every  piece  in  all  stages  of  the  process.  Since 
this  is  not  practicable  on  a  large  scale  it  is  inevitable  that,  in  the 
factory  production  of  high  grade  electrical  porcelain  some  of  the 
low  grade  must  be  produced  along  with  it.  The  importance  of 
all  improvements  and  of  tests  for  the  elimination  of  structurally 
imperfect  and  appreciably  porous  porcelains  and  of  the  operating 
strategy  of  thoroughly  shuffling  the  finished  insulators  so  as  to 
minimize  the  likelihood  of  more  than  one  unrecognized  defective 
insulator  being  mounted  in  the  same  string  is  made  manifest  by 
a  study  of  these  results  obtained  by  the  ceramists. 

An  investigation  by  Weimar  and  Diinn"  undertaken  in  the 
department  of  ceramics  of  the  University  of  Ohio  yielded  valuable 
knowledge  as  to  the  manner  in  which  insulating  qualities  of 
porcelains  vary  with  temperature.     They  give  a  table  found  in 
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the  Transactions  of  the  Royal  Society  of  London.  It  includes 
temperatures  and  corresponding  specific  resistances  of  a  "porce- 
lain" ranging  from  1.63  deg.  cent,  to  81.93  deg.  cent.  Inspection 
of  the  contents  of  the  paper  reveals  the  fact  that  porcelain  as 
here  reported  lost  resistivity  within  the  stated  temperature 
range  at  the  uniform  logarithmic  rate  of  100  to  1  for  the  actual 
values  in  a  rise  of  temperature  of  51.2  deg.  cent.  The  corres- 
ponding average  value  obtained  from  the  results  of  Professor 
Clark  as  reported  in  his  present  paper  is  46  deg.  cent,  rise  in 
temperature.  Considering  the  circumstances  these  resistivity- 
temperature  relations  are  in  fair  agreement. 
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Weimar  and  Dunn  state  that  their  work  **covered  that  region 
known  as  the  'critical  temperature'  or  that  temperature  at  which 
porcelain  ceases  to  be  an  insulator  and  becomes  a  conductor  aild 
to  a  small  extent  the  effect  of  composition  upon  the  same."  The 
results  obtained  are  charted  in  Fig.  6  reproduced  from  the  paper 
by  permission  of  the  American  Ceramic  Society.  The  test  speci- 
mens were  cup-shaped  0.15  in.  (3.8  mm.)  thick  heated  in  an 
open  "electric  furnace"  and  punctured  with  60-cycle  voltage 
steadily  increased  to  the  rupturing  value. 

Having  in  mind  the  heat  resisting  duty  that  porcelain  in  high- 
voltage  insulators  is  expected  to  render  when  some  forms  of  line 
"trouble"  occur,  it  is  a  shock  to  one  when  he  comes  across  thesijoQic 
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results  for  the  first  time.  Above  300  deg.  cent,  it  was  found  that 
the  porcelains  retained  virtually  no  dielectric  strength  and  that 
all  applied  voltage  was  consumed  in  setting  up  current  through 
the  test  specimen  functioning  as  an  electrolytic  conductor. 
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Conclusions 

1.  Appreciably  porous  porcelain  should  not  be  employed  for 
suspension  insulators.  Under  the  action  of  the  elements  their 
failure  must  occur  in  due  course  of  time. 

2.  Cement  used  for  setting  up  cap  and  pin-type  suspension 
insulators  should  be  non-porous  or  rendered  non-porous  for  rea- 
sons set  forth. 

3.  Recognition  of  porosity  as  a  contributing  cause  of  suspen- 
sion insulator  failures  has  not  lessened  the  importance  of  design 
features  that  reduce  cracking  through  differential  thermal  expan- 
sions and  failure  through  electrical  overstresses  and  the  heat  of 
heavy  flash-overs. 

4.  Defective  materials  in  otherwise  well  designed  and  manu- 
factured insulators  have  been  responsible  for  most  of  their  service- 
durability  failures. 

5.  Clear  fused  quartz  appears,  technically,  to  be  a  desirable 
substitute  for  porcelain  in  the  construction  of  suspension  insu- 
lators. 
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EXPERIMENTS    ON  PORCELAIN  SUSPENSION 
INSULATOR    UNITS 


BY  J.  CAMERON  CLARK 


Abstract  of  Paper 

The  author  gives  a  very  complete  description  of  the  experi- 
ments on  porcelain  suspension  insulator  units  carried  on  at 
Stanford  University  by  him  and  his  assistants  under  the  direc- 
tion of  Prof.  H.  J.  Ryan.  He  explains  the  preliminary  organi- 
zation necessary,  the  scope  of  the  tests,  and  the  unusual  equip- 
ment required  to  measure  the  very  high  resistance  of  sound,  dry 
insulators.  Preliminary  resistance  measurements  were  made 
on  all  normal  batches  of  porcelain  units  and  the  results  tabulated, 
as  also  were  results  obtained  when  the  units  were  subjected  to 
mechanical  stress,  to  voltages  ranging  from  1,000  to  30,000,  to 
temperature  variation.  Another  set  of  tests  was  made  to  deter- 
mine the  efiEect  of  moisture  in  insulators.  Drying  insulators  for 
a  few  hours  in  an  oven  at  150  deg.  cent,  produced  very  conclusive 
results  of  the  effect  of  moisture  in  lowenne  resistance.  Attempts 
were  made  to  water-log  units  by  soaking,  oy  soaking  with  a  tem- 
perature cycle  applied,  by  subjecting  units  under  various  condi- 
tions to  a  steam  pressure  of  60  lb.,  and  by  a  vacuum  treatment  of 
insulators  before  soaking.  A  brief  statement  is  given  of  the  con- 
clusions arrived  at. 


Introduction,  Origin  of,  and  Organization  for  the  Work 

THE  WORK  of  Prof.  Ryan,  The  work  of  Prof.  Harris  J. 
Ryan  at  Stanford  University  in  the  winter  of  1915-16  demon- 
strated both  the  feasibility  and  the  desirability  of  measuring  the 
insulation  resistance  of  suspension  insulator  units  having  resis- 
tances in  the  range  between  5000  megohms  and  several  millions 
of  megohms.  To  illustrate:  It  was  shown  by  Prof.  Ryan  that 
certain  units  having  insulation  resistances  of,  say,  15,000 
megohms  could  be  punctured  in  the  air  on  60-cycle  voltage. 
The  ordinary  portable  megger  of  5000-megohms  maximtun  scale 
readiftg  will  give  a  reading  of  infinity  for  such  a  unit,  as  it  is 
unable  to  differentiate  between  units  of  6000  and  1,000,000 
megohms,  whereas  a  dry,  sound  porcelain  insulator  will  have  a 
resistance  of  the  order  of  1,000,000  megohms  or  one  "megameg- 

^These  values,  as  well  as  all  other  resistance  values  contained  in  this 
paper,   are  referred  to  a  temperature  of  20  deg.  cent,   unless  otherwise 

mentioned.  C^ninin]o 
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ohm".  Prof.  Ryan  also  disclosed  the  fact  that  some  units  be- 
come much  lower  in  insulation  resistance  when  subjected  to 
prolonged  soaking  in  water. 

Organization  for  tests.  This  work  stimulated  much  thought 
among  high- voltage  engineers  and,  in  particular,  it  aided  in 
crystallizing  a  desire  among  them  to  develop  a  method  by  which 
it  would  be  possible  to  detect  faulty  units  with  certainty,  thus 
rendering  it  possible  to  avoid  their  installation.  Accordingly,  a 
committee  of  engineers  was  formed  in  May,  1916  to  undertake 
experimental  investigations  of  suspension  insulator  units,  having 
as  their  broad  purpose  the  production  of  test  methods  by  which 
to  detect  with  certainty  and  celerity  all  units  which  are  electric- 
ally weak.  Obviously,  there  is  much  difference  of  opinion  on  the 
classification  of  insulators  as  electrically  "weak"  and  "strong". 
It  is  held  by  the  committee,  however,  that  any  unit  which  is 
either  weak  at  time  of  test  or  gives  any  indication  whatever  of 
the  capability  of  developing  weakness  through  lapse  of  time  is 
to  be  condemned  as  weak. 

The  financial  support  of  the  work  has  consisted  in  contribu- 
tions from  a  number  of  the  California  power  companies.  These 
companies,  besides  certain  insulator  manufacturers,  have  con- 
tributed liberally  in  test-specimens  which  will  be  found  illustra- 
ted and  briefly  described  in  connection  with  "Preliminary  Resist- 
ance Measurements". 

The  facilities  of  the  electrical  laboratories  of  Stanford  Univer- 
sity were  placed  at  the  disposal  of  the  committee  during  the  three 
summer  vacation  months  of  June,  July,  and  August,  1916;  and 
the  writer  and  assistants  were  employed  during  this  period  to 
prosecute  the  testing  work. 

Experimental  Work 

Scope  of  Tests.  In  addition  to  the  measurement  of  the  in- 
sulation resistance  of  every  insulator  unit  in  the  condition  in 
which  it  arrived  at  the  laboratory,  the  summer's  work  consisted 
largely  in  attempting  to  determine  the  influence  of  certain  im- 
portant physical  conditions  of  the  insulator  units  upoi^  their 
insulation  resistance.  The  physical  conditions  which  have  been 
thus  investigated  are;  mechanical  stress,  electrical  stress  (using 
continuous  voltage),  temperature,  absorbed  moisture. 

The  High'  Voltage  Megger.  Since  the  resistance  of  a  sound,  dry 
porcelain  insulator  at  ordinary  air  temperature  is  exceedingly 
large  (of  the  order  of  10"  ohms),  it  became  necessary  to  provide 
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rather  unusual  equipment  with  which  to  measure  this  quantity. 
Without  entering  into  a  discussion  of  the  possible  apparatus  for 
this  purpose,  it  may  suffice  to  say  here  that  it  was  decided  to 
employ  25,000  volts  continuous  pressure  current  through  the  in- 
sulator, and  to  use  as  sensitive  a  D* Arson val  type  galvanometer 
as  could  be  had  conveniently,  to  measure  the  current. 

The  pieces  of  apparatus  which,  taken  collectively,  may  be 
called  the  high-voltage  megger  are  shown  diagrammatically  in 
Fig.  1.  Ti  is  a  38-kv.  transformer  which  supplies  charge  to  the 
air  condenser  C,  at  high  voltage  through  the  kenotron  K.  Tt  is 
an  insulating  transformer  through  which  the  heating  current  is 
furnished  to  the  cathode  filament  of  the  kenotron.     The  contin- 


FiG.  1 — High  Vo^^tage  Megger — Connection  Diagram 


uous  high  voltage  is  impressed  upon  the  insulator  at  S  through 
the  resistance  R  which  is  provided  as  a  protection  to  the  kenotron 
against  a  possible  short-circuit  of  the  load  at  5.  R  is  adjusted 
to  allow  only  full-load  current  for  the  kenotron  to  flow  on  such 
a  short-circuit,  and  with  25,000  volts  on  the  circuit.  The  gal- 
vanometer G  is  connected  in  the  test  circuit  next  to  ground. 
The  connections  from  the  low-voltage  side  of  the  insulator  to  the 
galvanometer  are  described  in  detail  below. 

The  use  of  25,000  volts  on  the  insulator  results  in  an  amount  of 
surface  leakage  vastly  in  excess  of  that  which  occurs  with  the  600 
to  1000  volts  ordinarily  used  in  megger  tests.  Most  of  this  leak- 
age is  in  the  form  of  corona,  and  hence  cannot  be  eliminated  by 
any  amount  of  careful  cleaning  of  the  surface  of  the  insulator. 
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It  is  accordingly  necessary  to  conduct  all  such  strays  directly  off 
to  ground  by  a  path  around  the  galvanometer.  Fig.  2  shows  the 
scheme  used.  Whenever  possible,  ordinary  tap-water  is  used  to 
make  connection  to  uncemented  porcelain  blanks,  and  to  make 
guard-rings,  as  it  is  very  convenient  in  application.  With  imits 
unprovided  with  petticoats,  a  felt  ring  saturated  with  water  is 
laid  on  as  a  guard-ring,  and  the  can  guard  is  set  directly  on  top 
of  this  felt  ring.  A  grounded  lead  sheath  protects  the  entire 
length  of  the  wire  running  from  insulator  to  galvanometer,  while 

the  instrument  is  remote  enough 
from  the  high-voltage  parts  of 
the  circuit  to  be  immune  from 
stray  currents  through  the  at- 
mosphere. 

Adjustment  of  the  megger 
B  conn«:tk>n  from  voltagc  is  sccurcd  by  means  of 
an  auto-transformer  with  multi- 
tap  secondary  feeding  through 
a  controller  into  the  primary  of 
the  33-kv.  transformer,  while  a 
voltmeter  connected  across  this 
primary  serves  to  determine  the 
megger  voltage,  a  calibration 
curve  of  the  megger  in  terms  of 
the  primary  voltage  having  been 
secured  by  means  of  a  7-inch 
(17.7-cm.)  sphere  gap. 

Preliminary  Resistance  Meas- 
urements. Table  I  is  a  stmimary 
of  the  resistance  measurements 
made  on  all  of  the  normal 
batches  of  porcelain  units  immediately  upon  their  arrival  at  the 
laboratory.  The  UK  units  are  uncemented  blanks  of  the  same 
make  and  year  as  the  assembled  units  of  the  J  series.  The  UH 
units  are  blanks  corresponding  in  every  way  to  those  used  in  the 
assembled  H  units.  The  photographic  reproductions,  Figs.  3 
to  10  inclusive,  illustrate  all  the  types  of  units  listed  in  the  table. 
Table  I  also  contains  letters  designating  which  insulator  tmits  are 
from  a  common  maker.  To  illustrate:  Units  G^H,  and  H  M 
were  all  made  by  the  same  manufacturer,  C.  It  will  thus  be  seen 
that  the  porcelain  products  of  four  different  makers,  A,  B,  C,  and 
D  are  represented  in  the  tests. 
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Fig.  3 


Fig.  4 
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Fig.  9 


Fig.  5 
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In  addition  to  the  units  of  Table  I,  reference  is  made  in  this 
paper  to  various  members  of  three  additional  small  groups  of 
units;  namely,  the  U  B,  B  M,  and  F  groups.  Of  these  the  U B 
and  B  M  units  are  specially  selected  soggy  specimens  of  the 
same  make  and  date  as  the  B  L  series  of  Table  I.  The  F units 
are  of  a  new  material,  not  porcelain.  Fig.  11  shows  the  temper- 
ature-resistance characteristic  of  this  material  as  exhibited  by 
unit  F  5.     Fig.  13  is  a  photograph  of  an  F  unit. 

Pull-Resistance  Studies,  A  testing  machine  was  used  to  sub- 
ject the  units  to  mechanical  stress  to  determine  whether  this 
would  affect  their  resistance.  Pulls  ranging  from  0  to  5000 
lbs.  (22679.  kg.)  were  applied  to  each  kind  of  unit,  but  in  no  case 
was  there  any  change  in  resistance  from  that  obtaining  for  the 
unit  in  the  mechanically  unstressed  condition. 

Voltage-Resistance  Studies,  Some  work  was  done  using  the 
high-voltage  megger  to  ascertain  whether  the  resistance  of  a 
unit  is  constant  over  the  range  1000  to  30,000  volts.  In  any 
case  where  this  source  has  been  used,  there  has  appeared  to  be 
practically  no  variation  in  insulation  resistance  over  the  range 
mentioned.  However,  some  earlier  work  was  done  in  the  megg- 
ing  of  very  soggy  units  in  which  continuous  voltages  below  750 
volts  were  used  in  order  to  hold  the  galvanometer  current  down 
to  safe  values.  In  every  case  where  such  a  unit  was  later  megged 
on  25,000  volts,  the  resistance  thus  determined  is  much  lower 
than  that  obtained  on  the  lower  voltage.  Table  II  shows  results 
thus  secured. 

TABLE   II 


Unit  No. 

Test  VoIUgc 

Resistance, 
megohms 

BL19 

no 

25.000 

13.000 
820 

5/16 

415 
25.000 

21.000 
6.900 

BL  105 

625 
25.000 

13.000 
8,300 

BLm 

635 
25.000 

8.300 
2.200 

8.4  4 

730 
26.000 

60.000 
20.000 

8^2 

740 
26.000 

73.000 
42.000 
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It  is  not  clear  why  there  should  be  a  difference  between  the  resis- 
tance values  obtained  for  these  units  at  low  voltage  and  at  high 
voltage  since  quite  a  variety  of  low-  and  high-resistance  units 
tested  over  a  range  of  1000  to  30,000  volts  have  shown  no  varia- 
tion of  resistance  over  that  range. 

Temperature-Resistance  Studies.  Early  in  the  work  it  was 
brought  forcibly  to  the  attention  of  the  test  force  that  the  tem- 
perature of  an  insulator  is  a  factor  of  the  greatest  importance 
in  its  behavior  under  the  megger  test.  To  illustrate  this  pointy 
Table  III  is  presented. 

TABLE   III. 


Resistance  as  first 

Resistance  as  later 

Unit  No. 

measured. 

measured,  20 

megamegohms 

deg.  cent, 
megamegohms 

Ii43 

1.25 

1.03 

\AA 

1.04 

0.99 

\Ab 

1.09 

1.12 

1  A  6 

0.93 

1.09 

IA7 

0.60 

0.74 

\A% 

2.08 

1.01 

2  A  1 

0.83 

1.11 

The  second  column  gives  results  which  were  obtained  before 
the  influence  of  temperature  upon  the  resistance  of  an  insulator 
was  fully  appreciated.  The  units  had  been  lying  in  the  hot  sun 
for  about  an  hour  for  the  purpose  of  drying  following  a  washing 
which  had  been  given  them.  They  had  then  been  brought  into 
the  laboratory  and  laid  on  the  floor  for  various  lengths  of  time 
ranging  from  15  to  45  minutes  before  being  megged.  It  was  then 
assumed  that  the  room  temperature  (25  deg.  cent.)  could  be 
taken  as  the  temperature  of  the  units  without  much  error.  The 
third  column  gives  later  results  obtained  after  the  units  had 
reached  a  carefully  determined  steady  temperature  of  20  deg.  cent. 
The  lack  of  concord  between  the  results  in  the  second  and  third 
columns  shows  clearly  the  necessity  for  more  careful  work  in 
this  respect  and,  together  with  other  similar  observations,  in- 
dicated the  need  of  making  a  rather  careful  study  of  the  resistance 
of  porcelain  as  a  function  of  temperature.  An  oven  was  there- 
fore constructed  which  makes  it  possible  to  heat  up  eight  units 
simultaneously  and  to  megg  them  conveniently  one  after  another 
on  25,000  volts  continuous.  All  units  rest  on  a  common  grate 
upon  which  is  impressed  the  high  voltage.     Eight  low-voltag^ 
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connections  pass  out  through  the  thick  heat-insulated  wall  of  the 
oven  to  a  terminal  board  at  which  the  galvanometer  lead  is  con- 
nected to  any  unit  desired.  The  temperature  is  determined  by 
10  carefully  calibrated  resistance  coils  wound  of  No.  34  copjjer 
wire  having  heavy  leads  brought  out  for  convenient  connection 
to  a  Wheatstone's  bridge.  The  coils  are  placed  at  the  height 
of  the  porcelain  of  the  units  and  are  otherwise  at  locations  so 
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Fig.  11 — Variation  of  Resistance  with  Temperatire 


chosen  within  the  oven  as  to  make  it  possible  to  judge  of  the 
resistance  of  a  unit  with  a  precision  ranging  from  0.2  deg.  cent, 
at  25  deg.  to  1  deg.  at  65  deg. 

The  results  of  the  study  of  six  different  insulator  units  are 
shown  in  the  curves  of  Fig.  11.  An  exceedingly  rapid  rate  of 
decrease  of  resistance  with  increasing  temperature  is  shown  by 
all  the  units,  and  this  rate  is  substantially  the  same  for  all  the 
different  makes  of  porcelain  insulators  investigated.     Fig.  12  is 
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a  curve  derived  from  the  temperature-resistance  curves  of  porce- 
lain units  which  has  been  found  very  useful  in  reducing  to  a 
common  temperature  basis  of  20  deg.  cent,  resistance  measure- 
ments made  over  a  temperature  range  of  17  to  27  deg.  cent. 

Moisture  in  Insulators 

Results  of  Drying  Out  Insulators.     That  some  high- voltage 

porcelain  absorbs  enough  moisture  to  lower  its  resistance  is 

shown  conclusively  by  the  results  of  drying  numerous  insulator 

units  for  a  few  hours  in  an  oven  at  150  deg.  cent.     All  the  insu- 
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Fig.  12 — Porcelain  Insulator  Temperature  Reduction  Curve 


lators  investigated  in  this  way  fall  naturally  into  three  classes 
(see  Table  IV)  as  determined  by  the  effect  of  the  drying  upon 
their  resistance;  viz.,  (a)  those  practically  unaffected  by  any 
amount  of  drying,  (b)  those  raised  in  resistance  by  20  to  400  per 
cent,  (c)  those  enormously  raised  in  resistance,  i.e.,  hundreds  or 
thousands  of  times.  A  result  of  this  natural  division  of  the  units 
has  been  for  the  test  force  to  call  classes  (a),  (b),  and  (c)  respec- 
tively "non-porous",  "  slightly  porous*',  and  "very  porous". 

Attempts  to  Water-log  UnUs,  It  is  obvious  that  a  very  easy 
laboratory  test  for  the  detection  of  porosity  in  an  insulator  is  the 
high-voltage  megger  test,  provided  the  insulator  is  already  waUr 
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logged.  However,  many,  if  not  all,  very  soggy  units  (i.e.,  units 
reading  below  infinity  on  the  5000-megohm  megger)  may  be 
raised  by  a  few  hours  drying  to  an  apparently  perfect  condition 
in  which  they  pass  a  60-cycle  dry  spark-over  test  in  air.  It  has 
accordingly  been  regarded  as  essential  that  a  method  be  found 
by  which  porous  units  may  be  made  to  take  up  water  quickly 
inasmuch  as  any  test  which  consumes  weeks  or  months  of  time 
in  order  to  establish  porosity  cannot  be  considered  to  have  prac- 
tical or  commercial  value. 

Early  in  the  work,  the  soaking  of  porcelain  units  in  water  at 
ordinary  atmospheric  temperatures  was  undertaken,  but  it  be- 
came evident  that,  by  this  method,  water  enters  wet-process 
porcelain  units  with  extreme  slowness,  even  in  the  case  of  units 
which  have  been  called  ifi  the  laboratory,  **very  porous". 

It  was  then  suggested  that,  along  with  the  soaking,  a  temper- 
ature cycle  be  applied.  It  was  the  idea  that  there  might  exist  a 
sort  of  breathing  action  caused  by  volumetric  changes  of  the 
material  under  changing  temperatures  which  would  draw  water 
into  the  extremely  attenuated  pores  of  the  porcelain.  Accordingly, 
five  units  which  were  believed  to  have  varying  degrees  of  porosity 
were  selected  and  put  through  the  following  cycle;  Put  into  tub 
of  water  and  water  brought  from  30  deg.  cent,  to  boiling,  1 
hour;  water  being  boiled,  i  hour;  water  being  cooled  to  30  deg. 
1  hour,  units  cooled  in  "cold  tank'*,  (20  deg.  cent.),  J  hour. 
This  cycle  was  repeated  two  or  three  times  per  day.  The  results 
are  shown  in  Table  V: 

TABLE  v. 
"ACCELERATED   SOAKING"— RESISTANCES   IN    MBGAMEGOHMS. 


Total  cycles 

U  BZ 

U  B5 

f/B13 

U  BU 

UKU 

0 

0.75 

0.73 

0.0085 

0.53 

0.80 

1 

0.55 

0.41 

0.011 

0.36 

0.62 

2 

0.66 

0.57 

0.030 

0.30 

0.80 

3 

0.61 

0.55 

0.021 

0.36 

0.76 

5 

0.66 

0.84 

0.046 

0.36 

1.27 

As  shown  by  the  table,  the  only  positive  effect  of  this  process 
was  to  raise  the  resistance  of  some  of  the  units  treated.  This  is 
no  doubt  due  to  a  rapid  driving  out  of  water  from  the  porcelain 
during  the  boiling  part  of  the  cycle. 

Another  "accelerated  soaking"  test  was  next  attempted  in 
which  the  boiling  part  of  the  cycle  was  eliminated,  the  water 
being  carried  to  a  maximum  temperature  of  75  deg.  cent.     The 
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same  five  units  used  in  the  previous  test  were  subjected  to  this 
modified  test.     The  results  are  shown  in  Table  VI. 


MODIFIED 

TABLE    VI. 
ACCELERATED    SOAKING— RESISTANCES   IN  MBGAMEGOHMS. 

Total  cycles 

U  B2 

U  Bb 

t/B13 

U  BU 

U  K\Z 

0 
5 
8 
16 
24 

0.82 
0.76 
0.71 
0.72 
0.82 

0.72 
0.65 
0.63 
0.66 
0.66 

0.032 

0.0039 

0.0021 

0.0011 

0.00074 

0.34 

0.18 

0.115 

0.072 

0.025 

0.99 
1.01 
0.98 
0.94 
0.99 

It  is  seen  from  Table  VI  that  the  rather  porous  units  U  B\Z 
and  C/  5  14  are  rapidly  brought  down  in  resistance  by  the  24 
cycles  of  treatment,  but  that  the  slightly  porous  unit  U  K\Z  has 
not  been  affected  at  all. 

It  was  suggested  that  the  entry  of  water  into  the  pores  of 
porcelain  might  be  expedited  by  keeping  one  side  of  the  porcelain 
exposed  to  the  atmosphere  while  water  is  applied  to  the  other,  it 
being  the  theory  that  the  application  of  water  to  both  sides  of  the 
unit  tr?ips  a  certain  amount  of  air  within  the  pores  effectually  pre- 
venting the  entire  filling  of  the  pores  with  water.  To  test  this 
theory,  two  very  porous  units  were  selected  and  water  was  ap- 
plied to  one  side  of  each.  With  a  cemented  unit,  B  A/ 30,  the 
insulator  was  inverted  and  water  was  simply  poured  around  the 
pin  within  the  inner  skirt  of  the  unit  and  allowed  to  remain  there 
for  about  two  weeks.  In  the  case  of  the  other  unit,  U  B  18, 
which  is  an  uncemented  porcelain  blank,  a  rig  was  devised  by 
which  the  pin  cavity  was  filled  with  water  and  kept  under  60  lb. 
per  sq.  inch  (4.2  kg.  per  sq.  cm.)  pressure  for  about  30  hours. 
In  neither  case  was  there  any  material  acceleration  of  the  water 
absorption  beyond  that  which  would  occur  with  ordinary  soaking 
of  the  entire  unit  in  water. 

Since  the  negative  results  obtained  in  the  application  of  water 
to  one  side  of  porcelain  units  may  imply  that  the  pores  of  the 
material  are  of  such  minute  section  that  water  enters  them  rapid- 
ly when  in  gaseous  form,  it  was  concluded  to  try  the  application 
of  steam  to  one  side  of  a  porous  unit.  The  test  rig  mentioned 
in  the  previous  paragraph  was  therefore  modified  to  permit  the 
unit  to  be  heated  from  the  outside  hot  enough  to  generate  steam 
within  the  pin  cavity  while  the  latter  is  kept  filled  with  water  at 
60  lb.  per  square  inch  pressure.  Thus  steam  at  60  lb.  (27.2  kg.) 
pressure  is  applied  to  the  inner  surface  of  the  pin  cavity.  Unit 
U  B  IS  was  given  two  hours  of  this  steam  treatment^   Megohm 
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readings  taken  just  before  the  test,  and  again  as  soon  afterward 
as  the  unit  had  become  cold  are  respectively  310,000  and  1050. 
This  shows  a  remarkably  rapid  lowering  of  the  resistance.  This 
test  was  also  applied  to  unit  U  K  13  which  had  been  considered 
to  be  a  slightly  porous  unit  from  the  results  of  the  first  "accelerated 
soaking"  test,  see  Table  V.  However,  megger  readings  taken 
just  before  three  hours  treatment  of  the  unit  and  afterward  as 
soon  as  the  unit  had  become  cold  show  in  each  case  a  resistance 
of  0.85  megamegohms. 

Vacuum'treatment  just  before  soaking  has  been  tried  with  a 
nimiber  of  units  believed  to  be  of  varying  degrees  of  porosity. 
The  result?  of  one  such  test  are  shown  in  Table  VII. 


TABLE   VII. 

VACUUM  AND  PRESSURE  TREATMENT- 

-RESISTANCES  IN  MEGAMEGOHMS. 

Unit  No. 

Resistance  in  megamegohms 

Remarks  on  previous  status  of  unit. 

Aug.  16 

Aug.  17 

Aug.  18 

U  B2 

0.00052 

0.00028 

0.00010 

Considered  "very  porous"  because  of 
rapid  lowering  of  its  resistance  in  cold 
water  soaking. 

C76 

0.123. 

0  .0101 

0.0029 

Considered  "very  porous"  because  its 
resistance  lowered  rapidly  when  stored  on 
concrete  floor  in  a  cool  place. 

CI 

0.79 

0.04 

1.00 

Considered  "slightly  porous"  as  its  resis- 
tance rose  decidedly  when  stored  in  a 
warm,  dry  place. 

G50 

1.60 

1.61 

1.74 

Considered  "slightly  porous"  becatisc  its 
resistance  rose  somewhat  due  to  drying 
in  oven. 

GOO 

1.60 

1.79 

1.63 

Same  as  G  50 

C71 

1.60 

1.50 

1.61 

Same  as  G  50 

C81 

1.61 

1.45 

1.42 

Same  as  G  50. 

The  values  of  resistance  for  Aug.  16  were  obtained  just  prior 
to  placing  the  units  in  the  vacuum  tank.  On  Aug  16,  the  units 
were  put  under  a  25-inch  (63.5  mm.)  vacuum  for  li  hours,  and 
while  the  vacuum  was  maintained,  water  was  run  into  the  tank 
until  the  unitg  were  covered.  The  water  was  allowed  to  remain 
over  the  units  at  atmospheric  pressure  over  night  (15  hours),  and 
the  results  for  Aug.  17  were  then  obtained.  A  25-inch  vacuum 
was  again  applied  to  all  the  units  for  five  hours  which  was  fol- 
lowed up  immediately  by  water,  the  vacuum  being  maintained 
until  the  tank  was  filled  with  water.  The  water  was  kept  under 
the  supply  pressure  of  60  lb.  per  sq.  inch  above  atmosphere 
over  night  (14 J  hours),  and  the  values  of  Aug.  18  were  then  ob- 
tained. As  shown  by  the  table,  decided  lowering  of  resistance 
occurred  only  in  the  cases  of  the  "very  porous"  units,  i^ed  by  GoOqIc 
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With  but  two  exceptions,  the  methods  which  have  been  tried 
in  attempting  to  water-log  units  rapidly  have  been  fairly  success- 
ful in  the  cases  of  units  known  to  be  very  porous.  These  two 
exceptions  are  the  ordinary  soaking  in  cold  water  and  the  attempt 
to  accelerate  water-logging  by  heating  and  cooling  wherein  boil- 
ing occurred  during  the  cycle.  However,  no  method  has  yet  been 
found  by  which  the  slightly  porous  units  can  be  made  to  take 
water  rapidly.  That  efforts  to  this  end  have  failed  is  remarkable 
in  view  of  the  fact  that  the  water  may  be  driven  out  of  such  units 
in  a  very  few  hours  by  heating  them  at  150  deg.  cent.  Whether 
these  insulators  would  deteriorate  in  actual  line  service  is  a  de- 
batable question,  the  discussion  of  which  lies  outside  the  scope 
of  this  paper. 

Conclusion 

Much  of  the  work  of  the  summer  has  been  concerned  with  the 
study  of  moisture  absorption  in  porcelain  insulators  as  indicated 
by  their  insulation  resistance.  This  is  largely  due  to  the  fact 
that  few  other  characteristics  of  the  specimens  submitted  have 
seemed  so  much  worth  while  investigating  as  their  porosity.  In 
this  connection,  it  is  important  to  note  that  very  little  trouble 
with  cracking  due  to  expansion  of  metal  parts  **is  in  evidence 
among  the  specimens,  even  among  the  older  batches  of  units 
wherein  little  attention  was  evidently  given  to  this  subject. 
Some  60  assembled  units  of  various  makes  have  been  subjected 
to  temperatures  ranging  from  110  deg.  to  150  deg.  cent. — much 
higher  temperatures  than  are  ever  encountered  in  service. 
Among  these  units  were  30  selected  as  being  most  likely  to  crack 
owing  to  bad  design  wherein  no  provision  was  made  at  the  base 
of  the  cap  next  to  the  disk  for  expansion  of  the  cap.  Out  of  the 
60,  only  3  units  have  failed  by  cracking;  namely,  Nos.  B  L  94, 
C  9,  and  C  76,—  all  of  old  design. 

Inasmuch  as  the  real  factors  which  contribute  to  the  weakness 
of  many  porcelain  insulators  are  now  much  better  appreciated, 
it  is  felt  that  some  progress  has  been  made  toward  achieving  the 
broad  purpose  of  the  investigation;  namely,  to  develop  ready, 
sure  and  simple  methods  by  which  to  detect  the  weak  insulator. 
It  is  at  the  same  time  realized  that  a  great  amount  of  work  re- 
mains to  be  done,  and  it  is  hoped  that  many  others  will  devote 
themselves  to  this  problem  which  it  seems  so  necessary  to  solve 
if  confidence  is  to  attend  the  continued  use  of  the  porcelain  high- 
voltage  insulator. 
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INVESTIGATION  OF  SUSPENSION  INSULATOR 
DETERIORATION 


BY   J.    E.    WOODBRIDGE 


Abstract  of  Paper 

This  paper  gives  an  outline  of  the  investigation  of  suspension 
insulator  deterioration  undertaken  by  Professor  H.  J.  Ryan  and 
Assistant  Professor  J.  C.  Clark,  and  explained  farther  in  their 
papers.  It  cites  the  origin  of  the  investigation,  the  limiting  fac- 
tors encountered  and  methods  employed  to  overcome  such  handi- 
caps. 

The  results  of  this  investigation  are  admitted  as  disappointing 
and  inconclusive  on  the  causes  of  deterioration,  although  several 
causes  previously  considered  probable  have  been  eliminated. 


HPHE  troubles  experienced  by  operators  of  high-voltage 
■*■  transmission  lines,  due  to  deterioration  with  age  of  the 
dielectric  strength  of  cemented  porcelain  suspension  insulators, 
combined  with  the  inability  of  ceramists  and  engineers  to  agree 
upon  a  satisfactory  explanation  of  such  deterioration,  have 
induced  the  power  companies  of  California  to  join  forces  in  a 
scientific  investigation  of  this  deterioration.  The  results  of  this 
study,  in  so  far  as  results  have  been  obtained  to  date,  are  present- 
ed m  full  in  the  accompanying  papers  by  Professor  Harris  J. 
Ryan  and  Assistant  Professor  J.  C.  Clark.  The  companies 
interested  in  this  investigation  to  the  extent  of  contributing  to 
the  expense  of  same  are;  the  Pacific  Gas  and  Electric  Company, 
Pacific  Light  and  Power  Corporation,  Sierra  and  San  Francisco 
Power  Company,  San  Joaquin  Light  and  Power  Corporation, 
and  the  Southern  CaHfomia  Edison  Company. 

The  investigation  began  as  the  outcome  of  discussions  on  the 
subject  between  Mr.  J.  P.  JoUyman,  of  the  Pacific  Gas  and 
Electric  Company,  Mr.  H.  A.  Barre,  of  the  Pacific  Light  and 
Power  Corporation,  and  the  writer,  representing  the  Sierra  & 
San  Francisco  Power  Company.  These  discussions  resulted  in  a 
conviction  that  megohm  values  of  infinity  determined  by  the 
commercial  megger,  that  is,  anything  above  2000  or  5000 
megohms,  covered  a  wide  range  of  porcelain  values,  an  investiga- 
tion of  which  might  develop  insulation  resistances  characteristic 
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of  durable  versus  non-durable  porcelain.  It  was  even  thought 
that  if  deterioration  is  due  to  porosity,  and  if  suitable  apparatus 
could  be  developed  for  measuring  much  higher  insulation  resist- 
ances, a  characteristic  resistance  might  be  found  for  porous  porce- 
lain, even  when  dry.  It  is  obvious  that  if  these  hypotheses  had 
proved  correct,  it  would  be  possible  for  insulator  makers  to 
measure  such  porosity  by  electrical  means  in  new  porcelain,  and 
determine  in  advance  what  insulators  would  deteriorate,  which 
would  in  turn  allow  them  to  determine  what  method  of  manu- 
facture would  produce  the  most  durable  product  in  this  respect. 

It  was  also  the  idea  of  these  engineers  that  insulation  re- 
sistance measurements  made  under  dielectric  stresses  more  nearly 
approximating  those  of  commercial  service  than  the  1000  volts 
of  the  commercial  megger  might  be  of  correspondingly  greater 
value.  The  inherent  difficulties  of  such  measurements  with 
alternating  voltages,  due  to  the  extremely  low  power  factor  of 
insulator  leakage,  at  once  suggested  the  use  of  the  kenotron  for 
the  supply  of  continuous  current  at  the  voltages  desired. 

A  paper  presented  by  Professor  Ryan  before  the  San  Fran- 
cisco Section  of  the  Institute  on  March  31,  1916,  described  such 
measurements  made  at  Stanford  University  under  a  pressure  of 
4000  volts  d-c.  derived  from  a  kenotron  with  a  sensitive 
galvanometer,  the  combination  giving  a  range  up  to  800,000 
megohms  distinguishable  from  infinity.  This  equipment  as 
then  developed  by  Professor  Ryan  obviously  extended  the  range 
of  meggering  to  values  160  times  greater  than  those  of  the  90m- 
mercial  megger.  A  further  extension  of  this  line  of  investigation 
was  then  proposed  to  Professor  Ryan  with  the  request  that  he 
obtain  the  consent  of  the  University  authorities  for  the  use  of 
the  high-tension  laboratory  and  its  equipment  for  this  study 
during  the  1916  summer  vacation.  Professor  Ryan  obtained 
this  privilege  and  agreed  to  serve  as  a  member  of  the  committee 
having  charge  of  Ihe  work,  to  which  service  he  devoted  the 
greater  portion  of  his  time  during  the  vacation  period.  The 
necessary  funds  w^re  contributed  by  the  above  mentioned 
companies  and  the  work  was  started  under  the  direction  of 
Professor  Ryan,  the  above  mentioned  engineers,  and  Assistant 
Professor  J.  C.  Clark,  who  was  employed  actively  on  the  work 
with  assistants  throughout  the  summer.  Insulators  were  con- 
tributed by  the  various  power  companies  above  mentioned  and 
by  the  Great  Western  Power  Company,  also  by  several  manu- 
facturers, usually  in  lots  of  100,  these  insulators  being  of  all  the 
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well  known  makes,  and,  in  so  far  as  possible,  of  various  ages, 
colors  and  previous  conditions  of  servitude. 

The  results  of  this  investigation  to  date  may  at  the  outset  be 
admitted  to  be  disappointing,  as  the  ambitions  of  the  promoting 
engineers  have  not  been  realized.  Water  logged  elements  have 
been  dried  out  and  restored  to  insulation  resistances  equal  to 
those  of  the  least  porous.  By  the  use  of  continuous  current  at 
25,000  volts  and  of  galvanometers  of  great  sensitiveness,  infinity 
has  been  thrown  above  the  resistance  of  any  single  piece  of 
porcelain  procurable,  measurements  being  possible  up  to  ten 
million  megohms.  As  might  be  expected,  this  has  been  accom- 
plished only  by  the  exercise  of  great  care  and  ingenuity  in  the 
matter  of  guarding  against  leakage.  The  characteristic  resistance 
of  porcelain  suspension  insulators  of  common  shapes  and  sizes 
has  been  found  to  run  between  one-quarter  and  one  and  three- 
quarters  million  megohms. 

Conclusive  positive  information  on  the  causes  of  deterioration 
has  not  been  obtained,  but  considerable  negative  information 
has  practically  eliminated  several  causes  previously  considered 
probable.  Mechanical  loads  have  been  proved  to  have  little  or 
nothing  to  do  with  the  case.  Stresses  set  up  by  expansion  and 
contraction  with  tempeflfcture  changes  appear  to  have  little  or 
nothing  to  do  with  deterioration  in  properly  designed  and 
annealed  elements.  There  are  indications  that  these  stresses  are 
as  great  in  insulators  without  attached  hardware  as  in  those 
complete  with  cemented  metallic  attachments;  also,  that  such 
stresses  are  as  great  in  porous  insulators  as  in  those  more  thor- 
oughly vitrified. 

A  study  of  porosity  has^hown  that  much,  if  not  all  wet  process 
electrical  porcelain  is  slightly  porous,  some  of  this  porcelain  being 
more  suitable  for  filtration  use  than  for  the  exclusion  of  moisture. 
Aside  from  this  exception,  the  term  "slightly  porous"  here  means 
porous  to  such  an  extent  that  moisture  may  in  the  course  of  years 
creep  into  minute  cre\4ces,  forming  conducting  paths  which 
eventually  reduce  the  distance  between  terminals  of  the  insulator, 
(Considering  such  paths  as  conducting  extensions  of  terminals 
into  the  mass  of  the  porcelain)  until  the  dielectric  stresses  be- 
tween terminals  will  rupture  the  intervening  material.  Local 
heating  in  the  non-porous  barriers  separating  such  conducting 
paths  probably  assists  the  final  failure  of  the  remaining  dielectric 
strength.  This  investigation  has  shown  that  porcelain  has  an 
extremely  high  negative  rate  of  change  of  resistance  with  tem- 
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perature.  Of  the  specimens  tested,  the  rate  of  change  may  be 
stated  as  a  loss  of  99  per  cent  of  the  resistance  with  a  rise  of  45 
deg.  cent,  from  ordinary  temperatures. 

This  partial  porosity  has  so  far  been  found  extremely  diflScult 
of  detection.  We  have  found  it  impossible  to  devise  any  means 
of  materially  hastening  the  absorption  of  moisture  above  the 
rate  inherent  in  ordinary  line  use,  which  often  requires  several 
years  before  the  deterioration  is  apparent. 

The  difficulty  in  making  porcelain  bodies  absolutely  impervious 
to  moisture  is  obviously  due  to  the  fact  that  porcelain  by  the 
very  nature  of  its  formation  cannot  be  completely  liquified  in  the 
process  of  vitrification  as  can  other  materials,  such  as  glass. 
This  leads  to  the  consideration  of  materials  having  the  desired 
mechanical  and  electrical  qualities,  which  can  be  liquified  and 
cast  in  a  mold.  Of  these  the  most  promising  in  both  electrical 
and  mechanical  characteristics  that  has  been  brought  to  the 
attention  of  the  committee  is  fused  silica.  This  material  has  a 
high  dielectric  strength,  and  an  extremely  low  coefficient  of 
expansion  with  temperature.  Its  behavior  when  subjected  to 
high  dielectric  stresses  of  sustained  high  frequency  gives  promise 
of  very  desirable  characteristics  in  the  qualities  of  dielectric 
strength,  local  heating  under  high  pdfcntials,  and  change  of 
resistance  with  temperature. 

It  is  the  wish  of  the  committee  that  others  investigating  this 
subject,  or  in  a  position  to  do  so,  may  benefit  by  the  ideas 
developed  by  this  committee's  work  to  date,  and  may  carry  on 
the  work  along  the  various  lines  indicated,  which  this  committee 
has  not  been  in  a  position  to  carry  to  completion. 
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TEMPERATURE  DISTRIBUTIONS  IN  ELECTRICAL 
MACmNERT 


BY    B.    G.    LAMME 

Abstract  of  Paper 
The  paper  deals  with  certain  fundamental  principles  govern- 
ing heat  distribution  and  temperature  in  electrical  apparatus. 
The  ijeneral  problems  of  heat  generation,  heat  flow  and  heat  dis- 
sipation, upon  which  the  resultant  temperatures  depend,  are  dis- 
cussed at  some  length.  The  various  paths  of  heat  flow  and  the 
effects  of  the  heat  resistance  of  such  paths  are  discussed.  The 
efifects  of  rapid  heat  flow  on  the  equalization  of  the  temperatures, 
and  on  their  measurement,  are  considered  briefly.  Some  of  the 
fallacies  in  temperature  guarantees  and  in  temperature  indica- 
tions are  pointed  out.  Some  of  the  more  common  errors  in  the 
methods  of  measurement  are  described.  In  conclusion  it  is  stated 
.  that  no  hard  and  fast  rules  can  be  made  to  cover  the  facts,  except 
in  a  very  general  way,  and  that  commercial  temperature  measure- 
ments should  be  considered  as  approximate,  this  being  permis- 
sible because  there  is  no  sharply  defined  line  between  good  and 
bad.  

'  I  'HE  LAWS  governing  heat  flow  and  temperature  distribution 
^  are  so  similar,  in  many  respects,  to  those  governing  electric 
current  flow  and  electric  potentials,  that  it  is  rather  surprising 
that  the  former  have  received  so  little  attention  in  comparison 
with  the  latter.  Some  of  the  laws  of  heat  flow  are  so  well  recog- 
nized that  their  application  to  the  problem  of  temperature  dis- 
tribution in  electric  apparatus  should  have  been  a  leading  feature 
in  the  early  developments  in  such  apparatus;  whereas,  on  the 
contrary,  it  is  only  recently  that  very  careful  study  has  been 
made  of  such  appHcation. 

One  object  of  this  paper  is  to  indicate,  in  a  comparatively 
simple  manner,  some  of  the  conditions  which  fix  the  tempera- 
tures in  different  parts  of  electric  apparatus.  Before  going  into 
the  general  problem,  certain  simple  conditions  may  be  stated, 
such  as: 

1.  The  heat  flow  between  two  points  is  proportional  to  their 
temperature  difference  and  to  the  heat  resistance  of  the  path  or 
paths  between  them.    Note  the  resemblance  to  Ohm's  law. 

As  a  corollary  to  the  above,  it  should  be  evident  that  between 
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two  points  at  the  same  temperature,  there  should  be  no  flow  of 
heat. 

2.  The  total  temperature  drop  between  any  two  points  or 
media  of  different  temperatures  will  be  the  same  through  all 
paths  of  heat  flow. 

3.  There  are  no  true  non-conductors  of  heat,  and,  conversely, 
no  perfect  conductors. 

4.  Heat  conduction  and  electric  conduction  bear  some  quan- 
titative relation  to  each  other,  in  the  broad  sense  that  all  electric 
insulators  are  relatively  poor  heat  conductors,  while  good  electric 
conductors  are  correspondingly  good  heat  conductors.  There 
is  apparently  no  rigid  relation  between  the  heat  resistance  and 
electric  resistance  of  the  various  materials  used  in  electric  ma- 
chinery, but  the  general  relation  holds  and  there  are  apparently 
no  radical  exceptions. 

5.  The  rise  in  temperature  at  any  point,  due  to  generation 
of  heat,  is  dependent  (a)  upon  the  total  heat  generated,  and  (b) 
upon  the  amount  of  heat  which  can  be  carried  away  along  all 
available  paths  per  degree  of  temperature  difference.  The  tem- 
perature will  rise  until  the  heat  dissipation  equals  the  heat 
generation. 

6.  There  are  two  ways  to  lessen  the  heat  flow  along  any  path. 
(a)  By  interposing  higher  heat  resisting  materials,  (b)  By 
lessening  the  temperature  difference,  as  by  raising  the  tempera- 
ture of  the  part  through  which  the  heat  is  to  be  conducted. 
Conversely,  the  heat  flow  can  be  increased  along  any  path  by 
the  use  of  better  heat  conducting  materials,  or  by  paths  of  lower 
heat  resistance,  and  by  lessening  the  temperature  of  any  part 
to  which  the  heat  is  to  flow. 

What  makes  the  problem  unduly  complicated,  in  electrical 
machinery,  is  the  fact  that  there  are  several  different  sources 
of  heat  generation,  which  may  be,  and  often  are,  all  active  at 
the  same  time.  Moreover,  the  heat  losses  may  be  distributed 
through  the  various  heat  conducting  paths  in  such  a  way  as  to 
render  any  calculation  very  difficult  and  more  or  less  inexact, 
except  in  a  general  way.  For  example,  there  is  heat  generated 
by  losses  in  the  copper  conductors,  obeying  one  law;  while  there 
is  heat  generated  in  the  iron  parts  under  a  quite  different  law; 
and  there  may  be  heat  generated  by  windage  and  friction, 
according  to  a  third  law.  As  these  different  losses  may  act  in 
different  parts  of  the  heat  conducting  circuit,  it  should  be  evident 
that  the  problem  of  determining  the  exact  heat  distributions. 
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and  the  temperature,  is  a  very  complex  one.  Such  a  determina- 
tion is  in  the  province  of  the  expert  analytical  designer  of  such 
apparatus,  but  certain  general  conditions  are  of  interest  to  all 
users  of  electric  apparatus. 

Consider  first  the  general  conditions  of  heat  dissipation  from 
an  armature  coil.  In  Fig.  1  is  represented  an  armature  slot  with 
the  surrounding  iron,  and  with  two  separate  "coils"  per  slot,  as 
is  now  the  most  common  practise.  Let  it  be  assumed  that  the 
point  a  represents  the  "hot  spot",  or  part  at  highest  temperature 
in  the  apparatus.  The  heat  from  this  part  can  flow  along  two 
general  paths,  namely,  longitudinally  through  the  copper  con- 
ductor itself  to  the  end  windings,  and  thence  to  the  air,  and 
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laterally  through  the  insulation  to  the  surrounding  iron,  or  to 
the  ventilating  ducts.  From  the  iron  the  heat  flow  is  then 
through  various  paths  to  the  external  cooling  air. 

Longitudinal  Heat  Flow 
Considering  first  the  longitudinal  conduction  of  heat  in  the 
coil,  then  starting  at  the  point  a,  the  first  unit  of  length  con- 
ductor will  have  a  certain  loss.  If  the  heat  generated  by  this 
first  imit  loss  were  all  that  need  be  considered,  then  the  drop  in 
temperature,  from  the  point  a  to  the  end  windings,  would  be 
simply  a  function  of  the  heat-conducting  properties  of  the  con- 
ductor itself.     But  the  next  unit  length  is  also  generating  its 
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own  unit  loss,  so  that  the  heat  flow  from  the  second  to  the  third 
unit  length  is  due  to  two  units  loss;  in  the  same  way,  the  flow- 
to  the  fourth  unit  length  will  be  due  to  three  units  loss,  etc. 
Therefore,  the  temperature  drop,  or  temperature  difference  per 
unit  length  of  conductor,  increases  more  rapidly  as  the  point  a 
is  departed  from,  and  if  it  is  at  a  considerable  distance  from 
the  end  winding,  and  the  losses  per  unit  length  are  compara- 
tively high,  a  very  high  temperature  may  be  required  at  a  to 
conduct  all  the  heat  longitudinally  to  the  end  windings.  In 
very  wide  core  machines  the  longitudinal  drop  may  be  so  great 
that  the  temperature  at  a  in  practise  will  be  so  far  above  that 
of  the  surrounding  iron,  that  a  very  large  percentage  of  the 
actual  heat  is  conducted  laterally  through  the  insulation  to  the 
iron,  even  if  the  iron  is  at  a  comparatively  high  temperature. 
However,  in  narrow  cores,  the  drop  to  the  end  windings  may 
be,  in  some  cases,  so  very  low,  possibly  5  to  10  degrees,  that 
with  good  heat  dissipation  from  the  end  windings  themselves, 
the  point  a  may  have,  for  instance,  an  actual  temperature  of 
40  deg.  cent.  If  the  iron  next  to  a  a'so  has  a  temperature  of  40  deg. 
cent,  then  there  would  be  no  flow  of  heat  from  a  to  the  iron.  Fur- 
thermore, in  such  a  case,  as  the  iron  temperature  over  the  whole 
width  of  the  core  may  be  fairly  uniform,  and  as  the  copper 
temperature  decreases  from  a  to  the  end  windings,  obviously 
as  we  depart  from  the  point  a,  there  would  be  heat  flow  from 
the  iron  to  the  copper,  and  thus  the  windings  would  tend  to 
cool  the  core.  This  is  frequently  the  case  with  light  loads  on 
a  machine,  for  in  such  conditions  the  coil  loss  is  low,  while  the 
iron  loss  remains  fairly  constant  for  all  loads.  In  such  case 
there  may  be  heat  flow  from  the  iron  to  the  copper  along  the 
whole  length  of  the  buried  portion  of  the  coil.  At  some  higher 
load,  the  copper  loss  varying  as  the  square  of  the  load,  the  in- 
creased longitudinal  drop  will  bring  the  copper  temperature 
above  that  of  the  iron  so  that  the  heat  flow  is  from  copper  to 
iron.    This  condition  is  illustrated  by  Fig.  2. 

It  must  be  recognized  that  the  lateral  flow  of  heat,  from  the 
coil  to  the  iron,  reduces  the  longitudinal  drop,  such  reduction 
depending  upon  the  relative  percentages  of  heat  flow  along  the 
two  paths.  It  must  also  be  borne  in  mind  that  in  order  to  have 
such  longitudinal  heat  flow,  the  end  windings  must  be  able  to 
dissipate  their  own  heat  at  lower  temperature  than  would  be 
attained  at  a,  or  in  the  core.  If  the  end  windings  have  little  or 
no  ventilation,  or  heat  dissipating  capacity,  then  their  own 
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generated  heat  may  bring  their  temperatures  higher  than  those 
of  the  armature  iron  so  that  the  heat  flow  actually  may  be  from 
the  end  windings  toward  a,  and  then  laterally  through  the  in- 
sulation to  the  core.  In  such  case,  the  hottest  spot  will  be  in 
the  end  winding  rather  than  in  the  buried  part  of  the  coil.  Obvi- 
ously when  such  condition  occurs  there  is  no  possibility  of  either 
the  end  windings  or  the  buried  part  of  the  coil  being  cooler  than 
the  iron,  for  the  heat  flow  throughout  is  toward  the  iron. 

Lateral  Heat  Flow 
Considering  next  the  lateral  flow  of  heat  through  the  insulation 
to  the  iron,  the  amount  of  heat  conducted  is  a  function  of  the 

temperature  difference  and  the 
resistance  of  the  conducting 
path.  Or,  in  other  words,  if  a 
given  amount  of  heat  is  to  be 
Light  Load  conductcd    through    a  path    of 

given    resistance,  the  tempera- 
ture in  the  heat  generating  part 
Iron  Temps.      wiU  rise  uutil  the  required  heat 
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To  illustrate  this  problem  more  concretely,  let  Fig.  3  represent 
the  temperature  conditions  in  a  section  of  an  armature.  Assum- 
ing, for  example,  the  temperature  of  the  copper  inside  the  coil 
insulation  as  100  deg.  cent.,  the  iron  temperature  as  70  deg. 
cent.,  and  the  air  temperature  as  30  deg.  cent.,  then  the  following 
conclusions  may  be  drawn. 

(a)  From  the  outer  coil  (the  one  next  to  the  air  gap)  through 
the  wedge  to  the  air  gap,  the  temperature  drop  will  be  100  — 
30  =  70  deg.  cent.  Obviously,  any  temperature  measurement 
made  outside  the  wedge,  next  to  the  air,  will  approximate  the 
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temperature  of  the  air  and  not  of  the  copper.  Any  temperature 
measurement  made  beneath  the  supporting  wedge  will  measure 
some  intermediate  temperature  between  the  copper  and  the  air. 
If  the  temperature  drop  through  the  wedge  should  be  equal  to 
that  through  the  insulation,  then  a  measurement  underneath 
the  wedge  should  show  half  the  temperature  drop  through  in- 
sulation and  wedge,  and  obviously,  the  measured  temperature 
would  be  far  below  that  of  the  copper. 

(b)  If  the  temperature  is  measured  at  the  outside  of  the  coil, 
between  the  iron  and  the  insulation,  it  would  approximate  the 
average  of  the  temperatures  of  the  iron  and  of  the  outside 
insulation,  or  practically  the  temperature  of  the  iron.  If  the 
iron  should  be  at  different  temperatures  at  the  sides  of  the  slot 
and  at  the  bottom,  then  obviously  different  readings  would  be 
obtained,  depending  upon  the  location  of  the  measuring  device. 
It  is  evident  that  such  temperature  measurements  give  no  in- 
dication whatever  as  to  the  true  internal  temperatures  of  the 
coil,  for  the  heat  flow  and  the  resistance  of  the  insulation  are 
nowise  involved  in  the  measurement. 

(c)  At  a  point  a,  between  the  two  coils,  there  should  be  but 
little  heat  flow  through  the  insulation,  unless  the  copper  is 
comparatively  narrow.  If  there  is  but  little  heat  flow  through 
the  insulation  at  this  point,  then  eventually  the  temperature  at 
the  point  a  must  rise  to  approximately  that  of  the  copper  in  the 
two  coils.  Therefore,  a  measuring  device  located  at  a  will 
approximate  the  temperature  of  the  copper  itself,  and  is,  in 
general,  a  good  indication  of  the  hot  spot  at  that  part  of  the 
winding.  Therefore,  as  a  practical  method  of  temperature 
determination,  a  thermo-couple  located  at  a  is  about  the  most 
satisfactory  device  that  we  have.  However,  the  location  of  the 
point  a  along  the  slot  is  also  of  importance  on  account  of  the 
longitudinal  flow  of  heat  in  the  conductor  and  the  consequent 
temperature  drop.  In  other  words,  the  direction  of  heat  flow 
in  the  coil  itself,  must  be  taken  into  account.  Therefore,  a 
thermo-couple  located  as  above,  is  only  satisfactory  when  the 
general  location  of  the  hot  spot  is  known  beforehand.  This  is 
usually  determined,  in  a  general  way,  for  a  given  type  or  line 
of  machines,  by  locating  several  thermq-couples  along  the  slots. 

With  narrow  slots  and  comparatively  thin  conductors,  and 
especially  with  very  heavy  insulation,  there  is  some  flow  of  heat 
through  the  insulation  which  lies  between  the  two  coils,  this 
heat  passing  out  sidewise  to  the  iron.    In  such  case,  the  point  a 
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may  be  of  somewhat  lower  temperature  than  the  copper.  It 
may  happen  also,  in  some  cases,  that,  due  to  unequal  losses  and 
heating  of  the  two  coils  in  the  same  slot,  one  is  at  a  higher  tem- 
perature than  the  other.  In  such  case,  due  to  the  heat  flow 
between  the  coils,  the  temperature  indication  at  a  will  not  show 
better  than  an  average  of  the  two  temperatures.  Furthermore, 
if  the  temperature  at  c,  in  a  coil  subdivided  into  many  insulated 
conductors,  is  materially  higher  than  at  i,  then  the  temperature 
indication  at  a  may  not  be  a  close  approximation  to  the  maximum 
temperature. 

Plow  Through  Iron  Parts 

In  the  ordinary  armature,  after  the  heat  passes  from  the 
copper  to  the  iron,  there  is  still  quite  a  problem  involved  in  the 
dissipation  to  the  surrounding  medium,  which  is  usually  the  air. 
The  direction  of  the  heat  flow  to  the  iron  will  depend,  to  a  con- 
siderable extent,  upon  the  arrangement  and  location  of  the  heat 
dissipating  surfaces.  There  are  two  general  paths  of  heat  con- 
duction in  all  armature  cores;  namely,  a  flow  along  the  lamina- 
tions to  where  their  edges  come  in  contact  with  the  air  or  with 
other  material,  and  a  flow  across  the  laminations  toward  heat 
dissipating  surfaces.  The  flow  along  the  laminations  may  be 
calculated  with  fair  accuracy.  Across  them  it  is  difficult  to 
determine  such  flow,  largely  because  the  laminations  are  in- 
sulated from  each  other  by  materials  which  are  poor  conductors 
©f  heat.  Also  such  flow  is  affected  not  only  by  the  insulation 
between  laminations,  but  by  the  perfection  of  contact.  In  other 
words,  the  heat  flow  may  be  affected  by  pressure.  According 
to  the  various  figures  available,  the  heat  flow  per  unit  volume 
of  material  along  the  laminations  is  from  ten  to  one  hundred 
times  as  great,  for  a  given  temperature  difference,  as  across 
them.  Obviously,  therefore,  heat  dissipation  from  the  iron  by 
flow  across  the  laminations  should  be  considered  relatively  in- 
efficient, yet  in  the  vast  majority  of  rotating  machines  the  heat 
dissipation  is  largely  across  the  laminations.  The  reason  for 
this  is  that  by  placing  ventilating  passages  or  ducts,  parallel  with 
the  laminations,  at  frequent  intervals  in  the  core,  the  cross 
section  of  the  heat  path  in  the  intervening  iron  sections,  may 
be  made  very  large  compared  with  the  heat  to  be  dissipated, 
so  that  the  density  of  flow  is  very  low.  By  the  same  procedure 
the  length  of  the  heat  path  is  made  quite  short.  Thus  in  practise, 
the  temperature  drop  through  the  laminations  themselves  may 
be  made  relatively  small  compared  with  other  drops.    However, 
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not  all  the  heat  in  the  iron  passes  across  the  laminations  to  the 
ventilating  ducts,  for  where  the  length  of  the  path,  along  the 
laminations  to  any  heat  dissipating  surface,  is  not  large,  a  very 
considerable  amount  of  the  heat  may  be  dissipated  from  the 
edges  of  the  laminations  themselves.  In  fact,  in  certain  types 
of  machines  with  very  shallow  iron  cores,  experience  has  shown 
that  the  ventilating  ducts,  parallel  with  the  laminations,  may  be 
omitted,  provided  good  ventilation  is  obtained  over  the  edges 
of  the  laminations.  It  is  evident,  therefore,  that  the  flow  of  heat 
and  distribution  of  temperature  are  dependent  upon  the  arrange- 
ment of  the  iron,  dimensions  and  location  of  the  ventilating 
surfaces  etc. 

*  Heat  Flow  to  the  Air 
After  the  heat  has  passed  from  the  copper  to  the  iron,  the 
resultant  of  the  copper  and  iron  heats  must  be  conducted  to  the 
cooling  medium,  which  is  usually  the  surrounding  air.  In  the 
case  of  air,  there  is  usually  a  considerable  drop  in  temperature 
from  the  solid  surface  to  the  cooling  air  itself,  the  amotmt  of 
such  drop  depending  upon  the  ventilating  conditions.  In  prac- 
tise, there  appears  to  be  a  film  or  layer  of  air  which  adheres  very 
closely  to  the  solid  surfaces.  This  forms  a  sort  of  heat  insulating 
film,  retarding  the  flow  of  heat  to  the  cooling  air.  In  air  ven- 
tilation, the  effect  of  any  considerable  air  movement  over  the 
surface  appears  to  be  that  of  scouring  this  hot  film  away  from 
the  surface  and  replacing  it  with  a  film  of  cooler  air.  Merely 
scouring  or  rubbing  the  hot  film  away  from  the  surface  is  not 
particularly  advantageous  unless  some  means  is  furnished  at 
the  same  time  for  supplying  an  ample  quantity  of  cooler  air  to 
take  the  place  of  the  removed  hot  film.  Rapid  air  circulation, 
by  means  of  a  supply  of  air  from  the  outside,  appears  to  accom- 
plish both  results  in  one  operation.  Thus,  one  of  the  principal 
actions  of  air  ventilation  appears  to  be  that  of  scouring  away  the 
hot  contact  film,  while  a  second  action  is  to  carry  the  hot  air 
away  without  mixing  it  with  the  incoming  cooler  air.  Whatever 
portion  of  the  dissipated  heat  is  absorbed  by  the  incoming  cool- 
ing air  adds  that  much  to  the  temperature  of  the  air  itself  and 
eventually  to  that  of  the  apparatus  to  be  cooled.  Thus  mixing 
the  outgoing  with  the  incoming  air  makes  a  sort  of  Siemens' 
regenerative  furnace  and  the  machine  becomes  cumulatively 
hotter  and  hotter  until  the  dissipation  through  other  paths  be- 
comes equal  to  the  heat  generated.    In  such  cases  the  ventilation 
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of  the  machine  may  only  be  useful  in  equalizing  or  redistributing 
the  temperatures  in  the  various  parts. 

From  the  preceding  analysis,  it  would  appear  that  the  tempera- 
ture at  the  hottest  part  of  the  coil  is  fixed  principally  by  the  heat 
flow  through  the  copper,  and  its  surrounding  insulation,  directly 
to  the  air,  and  by  the  flow  from  the  copper  to  the  iron,  and  from 
the  iron  to  any  exposed  air  surfaces,  and  then  to  the  air.  Along 
the  first  path,  there  are  three  principal  temperature  drops; 
namely,  in  the  copper  itself,  then  through  the  insulation,  and 
then  from  the  outside  surface  of  the  insulation  to  the  air.  Along 
the  second  path,  there  are  also  three  temperature  drops;  namely, 
from  the  copper  through  the  insulation  to  the  iron,  then  from 
the  iron  to  the  exposed  air  surfaces,  and  then  from  the  surfaces 
to  the  air.  Along  the  first  path  each  part  of  the  copper  path  is 
generating  its  own  heat,  to  be  conducted  away,  in  addition  to 
that  which  is  to  be  conducted  from  other  parts  of  the  path.  In 
the  second  path,  each  part  of  the  iron  path  may  be  generating 
its  own  heat,  which  adds  to  that  coming  from  other  parts. 
The  relative  amount  of  heat  conducted  along  each  path  is  de- 
pendent upon  so  many  conditions,  which  vary  with  the  load, 
that  no  one  but  an  analytical  designer  backed  by  experience 
could  even  approximate  the  values  by  calculation.  However, 
it  should  be  obvious  that  any  measuring  device  applied  to  the 
outside  or  cooling  surface  does  not,  and  cannot,  directly  approxi- 
mate the  temperature  of  the  hottest  part,  except  in  those  rare 
cases  where  the  hottest  part  is  dissipating  heat  directly  to  the 
air.  This  is  true  only  in  very  special  cases  such  as  series  coils 
of  bare  strap,  etc.  In  any  coil  or  part  of  the  apparatus  which  is 
heavily  insulated,  that  is,  which  is  covered  by  poor  heat  conduct- 
ing materials,  an  external  temperature  measurement  is  an  ex- 
tremely poor  indication  of  the  true  internal  temperature,  unless 
many  other  conditions  are  known  which  may  give  an  indication  * 
of  the  internal  temperature  drops.  In  different  types  and  con- 
structions of  rotating  apparatus,  hot  spots  may  hold  quite 
different  relative  positions  with  respect  to  the  cores  and  wind- 
ings, so  that  no  reasonable  rule  can  be  made  to  cover  all  cases. 
Moreover,  in  some  classes  of  apparatus,  it  is  not  practicable  to 
make  any  temperature  measiu-ements  until  after  the  apparatus 
is  shut  down,  and  this  introduces  other  very  important  errors 
which  should  be  considered,  such  as  cooling  effects  as  a  whole, 
during  the  period  of  shut-down,  equalization  of  temperature 
due  to  internal  conduction,  etc. 
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Equalization   of   Temperature,  etc. 

When  there  are  hot  spots,  or  zones,  or  areas,  of  different  tem- 
peratures, in  an  armature  winding,  for  instance,  such  difference 
in  temperature  is  maintained  by  the  continual  generation  of 
heat  in  the  various  parts.  But  the  moment  that  such  generation 
of  heat  is  stopped  there  is  immediately  a  tendency  for  equaliza- 
tion of  temperatures  by  flow  of  the  stored  heat  from  the  hotter 
parts  to  the  cooler.  In  good  heat  conducting  materials,  as  copper, 
such  equalization  may  be  very  rapid,  so  that  a  temperature 
indicating  instrument  of  a  sluggish  type  may  not  indicate  any- 
thing like  the  true  maximum  temperature  of  the  spot  where  it 
is  placed,  if  applied  after  the  load  is  removed,  especially  if  the 
rate  of  heating  of  the  thermometer  bulb  is  much  less  than  the 
rate  of  heat  transfer  from  one  part  of  the  winding  to  another. 
If  located  on  a  hot  spot,  the  reading  may  rise  to  some  interme- 
diate value  and  then  drop  off  as  the  hot  spot  cools  by  heat  con- 
duction to  other  parts.  If  located  upon  a  cool  spot,  it  may  rise 
slowly  for  a  considerable  period,  due  partly  to  sluggishness  of 
the  thermometer  and  partly  to  the  cool  spot  rising  in  temperature 
by  conduction  of  heat  from  some  other  part.  The  conditions 
are  so  varied  that  no  reliable  conclusions  can  be  drawn,  from  the 
action  of  the  thermometer  alone,  in  regard  to  the  coolest  or 
hottest  spot. 

A  second  condition  which  tends  to  make  such  temperature 
measurements  fallacious,  lies  in  the  cooling  action  in  the  interval 
between  load  removal  and  shut-down  to  take  temperature 
measurements.  In  apparatus  which  depends  upon  a  high  degree 
of  artificial  cooling,  such  cooling  effect  may  be  very  considerable. 
This  is  particularly  true  of  high-speed  machines  which  require 
considerable  time  to  come  to  a  standstill.  It  is,  therefore,  de- 
sirable in  such  machines  to  obtain  all  possible  temperature  read- 
ings at  normal  speed  and  with  load.  In  rotating  field  machines, 
this  is,  to  a  certain  extent,  practicable,  but  in  most  rotating 
armature  machines,  the  armature  temperatures  usually  are  not 
attainable  until  the  machine  is  brought  to  a  standstill,  and  even 
then  some  error  may  result  from  sluggishness  or  delay  in  taking 
the  readings.  One  method  which  has  been  proposed  at  times, 
for  lessening  the  sluggishness,  is  to  heat  the  thermometers  up  to 
practically  the  normal  operating  temperature  of  the  part  to  be 
measured,  while  the  machine  is  still  carrying  load.  At  the  moment 
of  shut-down  the  heated  thermometer  is  applied.  This,  to  a 
certain  extent,  removes  the  factor  of  sluggishness  in  the  ther- 

Digitized  by  LjOOQ IC 


1916]  LAMME:    TEMPERATURE   DISTRIBUTIONS         1481 

mometer  itself,  but  is  only  a  partial  compensation.  It  must  be 
considered  that  the  outside  of  the  insulation  is  at  lower  tempera- 
ture than  the  inside,  and  that,  therefore,  the  body  of  the  insula- 
tion itself  must  have  its  temperature  increased  by  flow  of  heat 
from  other  parts. 

Fallacies  in  Temperature  Guarantees  and  Measurements 
In  the  older  methods  of  determining  temperatures,  it  was 
assumed  that  the  thermometer  readings,  obtained  on  a  winding, 
for  instance,  were  a  true  indication  of  the  temperature  of  the 
winding  as  a  whole.  The  manufacturers  of  electrical  apparatus 
long  ago  recognized  the  fallacy  of  this  method,  as  they  had  found 
from  bitter  experience  that  there  were  liable  to  be  hotter  parts 
in  the  machine  than  any  thermometer  readings  would  indicate. 
They,  therefore,  designed  machines  with  regard  to  the  possible 
hot-spot  temperatures  as  encountered  in  service,  rather  than 
any  temperature  which  the  exposed  parts  of  the  machine  would 
show.  Thus  in  designing  a  certain  machine  for  safety  at  the 
hottest  part,  not  infrequently  the  exposed  parts  of  the  winding 
would  show,  by  thermometer,  comparatively  low  temperatures, 
such  as  25  deg.  to  35  deg.  cent.  rise.  Therefore,  as  the  observable 
temperature  readings  came  so  low  it  became  the  fashion  to  call 
for  35  deg.  cent,  guarantees  and,  in  many  cases,  the  operating 
public  lost  sight  of,  or  perhaps  never  knew,  the  real  meaning  of 
such  low  temperatures.  Among  the  designers  of  electrical 
machinery,  it  was  recognized  that  a  temperature  rise  of  35  deg. 
cent,  in  itself  was  absurdly  low,  but  that  the  object  in  operating 
at  such  low  temperature  on  a  part  which  could  be  measured  was 
simply  to  protect  the  machine  in  some  inaccessible  hotter  part, 
where  the  temperature  could  not  be  measured.  From  the  present 
viewpoint,  it  is  astonishing  what  reliance  has  been  placed  upon 
temperature  readings  in  the  past.  For  example,  if  a  40  deg. 
cent,  machine  showed  41.5  deg.  cent,  rise  on  test,  it  was  unsafe, 
while  if  it  showed  38.5  deg.  cent,  rise,  it  was  good.  We  now 
recognize  that  neither  of  these  temperatures  have  any  controlling 
value,  unless  many  other  conditions  are  known.  To  the  ex- 
perienced man  they  simply  mean  that  compared  with  the  other 
machines  of  similar  constructions  and  characteristics,  which  have 
proved  satisfactory  in  service,  they  are  reasonably  safe.  To  the 
designer  they  mean  that  when  proper  corrections  have  been 
made  for  the  various  internal  temperature  drops,  the  highest 
temperature  attained,  at  any  point,  will  be  within  the  limits  of 
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durability  of  the  insulatinj^  material  used.  The  whole  problem 
is  a  good  deal  like  that  of  a  determination  of  the  voltage  generated 
in  a  given  power-house,  by  measuring  the  voltage  at  the  end  of 
a  transmission-line.  If  we  know  all  the  constants  of  the  line, 
and  know  the  current  flowing,  etc.,  we  can  figure  back  to  the 
generated  voltage.  Otherwise  the  voltage  at  the  end  of  the  line 
means  but  little.  However,  we  know  that  if  the  system  is  de- 
signed with  reasonable  regard  to  economy  in  general,  there  may 
be  from  ten  to  twenty  per  cent  voltage  drop  from  power-house 
to  the  end  of  the  line.  Therefore,  by  adding  an  approximate 
correcting  factor  to  this  voltage,  we  can  make  a  reasonable 
estimate  of  the  generated  voltage.  In  the  same  way  in  electrical 
apparatus  of  certain  types,  a  reasonable  internal  temperature 
drop  may  be  approximated,  which  added  to  the  observable  tem- 
perature, gives  a  fair  approximation  to  the  hottest  part,  but 
the  result  is  an  approximation  and  must  be  recognized  as  such. 
Primarily,  the  manufacturer  must  make  a  safe  machine  for  a 
specified  service  regardless  of  the  temperature  guarantees,  and 
the  temperature  measurements  made  on  most  classes  of  apparatus 
should  be  considered  simply  as  rough  approximations  to  indicate 
that  the  manufacturer  has  made  a  reasonable  attempt  at  a  safe 
machine.  This  may  seem  a  rather  bald  statement,  but  never- 
theless it  is  a  fair  statement  of  the  case. 

Errors  in  Temperature  Measurement 
It  has  been  shown  in  the  preceding  that  the  usual  observable 
temperatures  are  in  most  cases  only  crude  approximations  to 
the  real  temperature  conditions.  It  may  now  be  shown  that 
even  the  observable  temperatures,  obtained  by  the  usual  means, 
are  in  themselves  only  crude  approximations,  in  many  cases. 
Take,  for  instance,  the  determination  of  temperature  by  in- 
crease in  resistance;  when  the  coil  is  heated  its  temperature  may 
not  be,  and  very  frequently  is  not,  uniform  throughout  the  coil. 
As  an  extreme  example,  if  one-fifth  of  the  coil  length  has,  a  tem- 
perature of  80  deg,  cent.,  while  four-fifths  of  it  has  a  rise  of 
30  deg.  cent,  then  the  increase  in  resistance  of  the  coil  as  a  whole 
will  correspond  to  a  rise  of  40  deg.  cent.  Thus,  by  increase  of 
resistance,  the  temperature  may  be  more  than  safe,  while 
actually  one-fifth  of  the  coil  is  far  above  the  safe  temperattire 
for  ordinary  fibrous  insulations.  In  other  words,  the  resistance 
method  gives  only  average  results  and  may  be  very  misleading. 
However,  in  those  cases  where  it  is  known,  by  past  experience 
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and  otherwise,  that  there  is  very  little  liability  of  hot-spots,  the 
resistance  method  of  determining  temperature  is  often  quite 
satisfactory.  However,  the  method  is  limited  to  comparatively 
few  types  of  windings. 

Considering  next  the  thermometer  method  of  measurement, 
the  theory  of  this  is  quite  simple,  but  apparently  it  has  been  very 
much  misunderstood.  In  windings,  except  in  rare  cases,  the 
thermometer  is  not  applied  directly  to  the  heat  generating 
material  itself,  but  is  applied  outside  of  an  insulating  covering. 
Usually  the  temperature  drop  through  this  insulating  covering 
does  not  receive  any  consideration,  and  yet  everything  depends 
upon  this.  Assume,  for  example,  an  insulated  coil,  thermometer 
and  covering  pad,  as  shown  in  Fig.  4.  Asstuning  the  copper 
inside  the  coil  as  being  of  uniform  temperature,  and  the  cooling 
air  at  a  and  b  as  also  at  a  uniform,  but  much  lower,  temperature 
than  inside  the  coil ;  then  the  temperattwe  drop  from  the  copper 
to  b  will  be  the  same  as  through  the  insulation,  thermometer 


Pig.  4 

bulb  and  covering  pad  to  the  air  at  a.  Obviously  if  the  tempera- 
ture drops  through  the  insulation  and  through  the  pad  are  equal, 
then  the  thermometer  bulb  will  show  a  midway  temperature. 
This  is,  of  cotirse,  assuming  that  the  surface  drop  to  the  air, 
previously  referred  to,  is  very  small,  or  that  it  is  included  as  part 
of  the  drop  through  the  pad.  Obviously,  if  the  drop  through  the 
covering  pad  is  made  very  much  higher  than  that  through  the 
insulation  proper,  then  the  thermometer  bulb  more  closely 
approaches  the  copper  temperature.  Thus  it  is  seen  that  all 
kinds  of  results  may  be  obtained,  depending  upon  the  relative 
drops  through  the  pad  and  through  the  insulation.  In  a  low 
voltage  machine,  with  relatively  thin  insulation,  the  pad  may 
take  most  of  the  drop.  With  very  heavy  insulation,  the  pad  may 
take  proportionately  less  and  the  thermometer  reading  departs 
accordingly  from  the  copper  temperature.  It  might  be  sug- 
gested that  a  big  thick  pad  of  very  poor  heat  conducting  material 
might  be  used.    This  apparently  would  tend  toward  more  ac- 
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curate  temperature  readings,  but,  on  the  other  hand,  harmful 
effects  may  be  introduced  by  the  use  of  a  large  pad.  The  resis- 
tance to  heat  dissipation  being  increased  in  the  area  covered  by 
the  pad,  obviously  less  heat  will  be  carried  away  at  this  point 
and,  therefore,  'the  heat  generated  under  the  pad  must  be  con- 
ducted to  adjacent  parts  of  the  coil.  This  means  an  increased 
temperature  at  this  point,  due  to  the  use  of  the  pad.  Again,  the 
use  of  the  pad,  in  some  cases,  may  affect  the  normal  ventilation 
of  certain  parts  of  the  coil  not  directly  covered  by  the  pad.  For 
instance,  if  there  is  a  ventilating  space  between  two  adjacent 
armature  coils,  through  which  air  is  normally  driven,  a  pad  which 
covers  this  space  even  partially  may  create  more  or  less  of  an  air 
pocket,  and  thus  materially  affect  the  heat  dissipation,  and  the 
temperature  directly  under  the  pad.  Experience  has  shown  that 
both  of  the  above  conditions  are  obtained  when  good  judgment 
is  not  used  in  the  application  of  the  covering  pad.  This,  of  course, 
applies  particularly  to  those  cases  where  temperature  readings 
are  obtained  while  the  machine  is  in  operation.  Of  course,  after 
shut-down,  most  questions  of  ventilation  and  of  generation  of 
higher  temperature  under  the  pad  need  not  be  taken  into  account. 
There  are  so  many  conditions  entering  into  the  interpretation 
of  the  thermometer  and  resistance  methods  of  determining 
temperature,  that  in  certain  classes  of  apparatus  it  has  been 
very  desirable  to  find  more  accurate  methods.  One  of  these 
is  in  the  use  of  so  called  resistance  coils.  In  this  method  a  coil 
of  fine  wire  of  a  known  temperature  co-efficient,  and  of  known 
resistance  at  a  given  temperature,  is  placed  at  the  spot  where 
the  temperature  is  to  be  measured,  and  the  temperature  rise  is 
determined  from  the  increased  resistance  of  the  coil.  One  serious 
objection  to  this  arrangement,  is  that  the  resistance  coil  must 
have  considerable  length  and  breadth  so  that  it  really  indicates 
the  average  temperature  of  a  considerable  area  instead  of  a  point. 
When  placed  between  two  coils,  as  indicated  in  Fig.  5,  it  usually 
occupies  so  great  a  proportion  of  the  slot  that  it  indicates  an 
average  temperature  considerably  lower  than  at  a.  Furthermore, 
on  account  of  the  length  of  such  coils,  there  may  be  a  consider- 
able difference  between  the  temperatures  at  the  two  ends.  Thus 
the  resistance  coil,  like  the  resistance  measurement  of  the  wind- 
ings themselves,  gives  an  average  result,  but  this  average  may 
be  limited  to  a  comparatively  small  area,  whereas,  in  the  resist- 
ance method  in  general  the  indicated  rise  is  an  average  of  the 
whole  winding.     However,  in  the  resistance  method^ the  tem- 
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perature  of  the  conductors  themselves  is  measured,  whereas, 
with  the  resistance  coil  the  temperature  measurement  is  outside 
the  insulation.  The  resistance  coil  method  is,  therefore,  a  rel- 
atively crude  approximation,  although  when  brought  out  it  was 
really  an  important  step  in  advance.  In  its  early  application, 
many  misleading  results  were  obtained,  due  largely  to  lack  of 
understanding  of  the  principles  governing  temperature  distribu- 
tion and  temperature  drop.  In  some  cases,  the  resistance  coil 
was  placed  under  the  wxdge  as  at  b  in  Fig.  5.  In  other  cases, 
the  coil  was  placed  at  the  side  of  the  slot  next  jto  the  iron,  or  at 
the  bottom.  Very  rarely  was  it  placed  midway  between  the  two 
coils,  probably  because  this  was  a  more  difficult  application  and 


Resistance  Coil 


^^. 


^ 


-Resistance  Coil 


Fig.  5 


also  because  the  greater  accuracy  of  such  location  was  not  rec- 
ognized. From  the  use  of  resistance  coils  many  good  engineers 
drew  the  conclusions  that  the  upper  limit  of  permissible  tempera- 
ture for  fibrous  insulations  was  only  80  deg.  to  90  deg.  cent., 
because  with  the  coils  located  in  certain  ways  and  places,  de- 
terioration of  insulation  at  some  other  point  was  liable  to  begin, 
if  the  above  temperatures  were  exceeded.  The  error  was  in  not 
recognizing  the  temperature  drop  between  some  hotter  spot  and 
the  average  location  of  the  resistance  coil.  When  this  condition 
was  recognized,  the  results  obtained  by  resistance  coils  became 
more  consistent  with  the  facts. 

A  later  development  than  the  resistance  coil  is  the  thermo- 
couple as  a  practical  device  for  measuring  temperature.     One 
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great  advantage  of  the  thermocouple  is  its  very  small  size,  so 
that  it  can  indicate  the  temperature  at  practically  a  point  instead 
of  a  very  considerable  area.  Moreover,  as  it  is  a  zero  current 
method  of  measurement,  when  used  with  a  potentiometer  no 
question  of  size  or  length  of  the  connecting  leads  need  come  up. 
The  thermo-couple  is  so  small  and  has  so  little  mass,  that  it  can 
follow  very  quickly  any  temperature  changes  where  it  is  located. 
If  properly  placed  it  furnishes  the  most  accurate  temperature 
indicator  which  we  now  have,  as  it  can  be  located  in  all  sorts  of 
normally  inaccessible  places.  However,  its  use  is  practically 
limited  to  stationary  apparatus.  In  rotating  apparatus,  or 
rotating  parts  it  can  be  used  only  after  shut-down,  which  intro- 
duces errors,  as  already  shown. 

Many-Conductor  Coils 

In  all  the  preceding  considerations  it  has  been  assumed  that 
the  copper  inside  the  coils  itself  is  at  a  uniform  temperature,  in 
any  given  unit  of  length.  This  is  practically  true,  provided  the 
coil  is  made  up  of  a  single  conductor,  or  of  a  relatively  few  con- 
ductors with  only  a  moderate  amount  of  insulation  between  them. 
When  several  coils  or  conductors  are  placed  side  by  side,  as  in 
Pig.  6,  it  would  appear  at  first  glance  that  the  middle  coils  should 
heat  much  more  than  the  outer  ones.  But,  in  reality,  unless 
there  are  many  layers  of  coils,  the  temperatures  of  the  different 
coils  will  not  vary  greatly  from  each  other.  For  instance,  in 
Fig.  6,  the  heat  generated  in  the  middle  conductor  is  only  one- 
third  that  of  the  total  generated  in  the  coil,  and  yet  the  two 
side  surfaces  through  which  this  heat  passes  to  the  adjacent  coils 
aggregate  almost  as  much  as  the  total  outside  dissipating  surface 
of  the  whole  coil,  through  which  all  the  lateral  heat  flow  is  dis- 
sipated. Considering  further  that  the  insulation  between  the 
middle  coil  and  its  neighbors  is  relatively  thin  compared  with 
the  outside  covering,  it  is  obvious  that  the  temperature  drop 
from  this  coil  to  the  adjacent  ones  will  be  comparatively  small, — 
possibly  not  over  ten  per  cent  of  the  drop  through  the  outside 
insulation. 

However,  with  a  large  number  of  coils  side  by  side,  the  condi- 
tions become  cumulatively  worse.  Here,  the  drop  from  the 
center  conductor  to  the  next  one,  may  be  small.  But  the  drop 
from  the  second  conductor  to  the  third  is  considerably  greater 
due  to  the  heat  of  two  conductors  being  transmitted.  From  the 
third  to  the  fourth  there  is  a  drop  corresponding  to  the  losses 
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of  three  conductors,  etc.  Thus,  there  is  a  gradually  increasing 
temperature  drop  from  the  center  of  the  coil  toward  the  outside 
surface,  and  if  the  coil  be  very  deep,  that  is,  if  it  consists  of  many 
insulated  layers,  the  sum  total  of  the  drops  may  be  quite  large. 
Or,  putting  it  in  another  way,  with  a  comparatively  deep  coil 
the  temperature  rise  from  the  outside  surface  of  the  coil  itself 
toward  the  center  will  be  very  rapid  at  first,  and  gradually  taper 
off,  as  indicated  in  Fig.  7.  This  is  indicated  very  clearly  in  the 
case  of  an  over-heated  field  of  coil  of  fine  wire.  Here  the  first 
outside  layers  will  usually  be  found  in  a  fairly  good  condition, 
but  at  a  comparatively  little  distance  inside  the  coil  there  may 
be  severe  roasting  or  evidence  of  overheating,  which  may  be 
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Fig.  7 


almost  as  bad  as  at  the  center.  (See  Fig.  8.)  In  such  case,  the 
temperature  measurement  on  the  outside  of  the  coil  is  no  satis- 
factory indication  of  the  hot-spot  temperature.  A  temperature 
measurement  by  resistance,  while  a  closer  indication  than  that 
by  thermometer,  also  may  be  very  misleading.  It  may  be  stated 
that  modern  design  tendencies  are  toward  comparatively  shallow 
field  coils,  largely  on  account  of  this  condition. 

Conclusion 
The  whole  object  of  this  paper  is  to  show  the  problem  of  tem- 
perature   distribution    and    temperature    measurement,    as    it 
actually  is.    It  is  the  writer's  desire  to  show  that  no  hard  and  fast 
rules  can  be  made  for  determining  the  facts  in  the  case,  and  that 
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the  best  rules  and  methods  now  practicable  are  only  approximate. 
The  present  limitations  set  for  insulating  materials  are  much 
higher  than  were  considered  practicable  only  a  few  years  ago. 
This  is  not  because  the  limits  have  been  raised,  but  because, 
through  a  better  understanding  of  the  facts,  the  real  upper 
limits  of  temperature  as  fixed  by  durability  of  insulation,  are 
now  known  to  be  considerably  higher  than  was  believed  to  be 
the  case  only  a  short  time  ago.  If  the  real  limits  were  in  accord- 
ance with  former  beliefs,  then  all  the  evidence  of  the  more  accu- 
rate modem  tests  and  data  would  indicate  that  the  vast  majority 
of  the  existing  electrical  machines  should  have  "roasted  out*' 
comparatively  early  in  their  operation.  The  higher  temperature 
limits  were  there,  but  were  not  recognized.  Now  we  recognize 
them  and  attempt  to  make  reasonable  allowances  for  differences 
between  the  measurable  temperatures  and  the  actual  hottest 
parts.  The  present  method  may  be  crude,  but  we  are  not  going 
at  it  blindly,  as  was  formerly  the  case.  Formerly  the  manu- 
facturer took  the  real  responsibility  for  making  a  machine  that 
was  safe  for  the  service,  whatever  the  guarantees  called  for. 
Today  the  responsibility  is  still  his,  but  he  is  attempting  to 
educate  the  public  to  a  knowledge  of  his  real  problems,  and  to  a 
recognition  that  temperature  determination  is  far  from  being 
an  exact  art.  There  is  no  sharply  defined  line  between  good  and 
bad  in  the  insulating  materials  as  affected  by  temperature,  con- 
sequently there  is  no  sharp  line  between  safe  and  unsafe 
temperatures. 
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RATIONAL  TEMPERATURE  GUARANTEES  FOR 
LARGE  A-C.  GENERATORS 


BY    F.  D.  NEWBURY 


Abstract  of  Paper 
The  paper  is  an  argument  for  the  standardization  of  tempera- 
ture guarantees  when  the  guarantee  is  based  on  internal  tem- 
peratures as  measured  by  thermocouples.  It  is  recommended 
that  in  all  cases  the  maximum  safe  operating  temperature  of  the 
insulation  be  used  as  the  temperature  guarantee,  instead  of  using 
a  lower  temperature.  The  standardized  guarantee,  50-deg.  rise 
by  thermometer,  is  cited  in  comparison  with  the  present  wide 
range  of  temperature  rises,  from  60  deg.  to  100  deg.,  that  have 
been  called  for  in  specifications  when  the  thermocouple  method 
of  measurement  is  used.  Arguments  are  presented  from  the 
stand-point  of  both  the  designing  and  the  operating  engineer  for 
the  use  of  this  standardized  temperature  rise.  Curves  are 
shown  illustrating  the  temperature  conditions  in  both  stator  and 
rotor  of  a  typical  Targe,  high-voltage  turbo-ge;nerator.  Examples, 
based  on  these  curves,  are  given  to  show  that  a  low  temperature 
rise  guarantee  for  the  stator  does  not  necessarily  result  in  margin 
for  overloads.  This  margin  for  overloads  is  the  main  argument 
that  can  be  advanced  in  favor  of  low  temperature  rises.  The  only 
way  in  which  the  purchaser  can  be  certain  of  overload  margin  is 
to  have  the  specifications  call  for  the  maximum  rating  desired,  in 
which  case  the  maximum  safe  operating  temperature  may 
logically  be  made  the  temperature  guarantee. 


OPERATING  engineers  are  familiar  with  the  use  of  a  single 
standardized  guarantee  of  temperature  rise  by  thermometer 
for  large  single-rated  generators,  and  particularly  for  turbo- 
generators. During  the  past  five  or  ten  years,  such  generators 
have  been  purchased  very  generally  on  the  basis  of  a  50  deg. 
rise,  measured  by  thermometer.  This  standard  rise  was  fixed 
at  50  deg.  because  it  was  felt,  by  reason  of  general  experience, 
that  this  represented  the  maximum  safe  rise.  It  was  recognized 
that  with  guarantees  based  on  the  temperatures  of  external 
surfaces,  a  single  limit  could  not  be  fixed  that  would  fit  all  cases; 
yet  a  single  limit  was  fixed  and  has  been  adhered  to  in  practically 
all  commercial  transactions.  This  standardized  guarantee,  more- 
over, takes  no  cognizance  of  the  inherent  variations  in  the  actual 
temperature  performance  of  individual  units.    A  high-voltage 
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generator  and  a  similar  low-voltage  generator  under  some  con- 
ditions should  be  designed  for  quite  different  temperatures  as 
measured  by  thermometer  (on  account  of  greater  temperature 
drop  due  to  thicker  insulation  with  high  voltage)  yet  both  these 
units  would  be  guaranteed  for  a  rise  of  50  deg.  in  accordance 
with  this  established  practise. 

In  the  commercial  introduction  of  the  thermocouple  or 
resistance-coil  methods  of  measurement,  as  a  basis  for  guarantees 
there  has  been  a  tendency  to  lose  sight  of  this  idea  of  a  stand- 
ardized guarantee.  When  this  method  first  appeared  in  con- 
tracts about  three  years  ago,  guarantees  for  "hot-spot"  rises  as 
low  as  40  deg.  were  required  in  some  instances.  As  the  real 
significance  of  the  results  obtained  by  these  internal  measure- 
ments became  better  known,  the  specified  temperature  rises 
based  on  this  method  have  gradually  increased  up  to  the  rela- 
tively high  values  consistent  with  the  safe  operating  temperatiu^es 
of  mica  insulation.  With  built-up  mica  insulation,  a  safe  opera- 
ting temperature  of  150  deg.  may  be  guaranteed,  and  the  corres- 
ponding temperature  rise  guarantee  may  be  105  deg.,  or,  in  round 
numbers,  100  deg.  Yet  even  today  there  is  no  uniformity  in 
guarantees.  Temperature  rises  of  60  deg.  are  often  called  for 
in  specifications,  even  when  mica  insulation  is  employed,  and 
practically  all  temperatures  between  60  deg  and  100  deg.  have 
been  used  as  guarantees  on  one  occasion  or  another. 

In  discussing  maximum  permissible  rises,  the  author  has  in 
mind  the  limits  allowed  when  mica  or  other  Class  B  insulations 
are  used.  The  maximtun  safe  rise  allowed  by  Class  A  insulations 
is  only  60  deg.  and  this  is  so  near  the  familiar  guarantee  of  50 
deg.  rise  by  thermometer  that  there  is  no  tendency  to  give  guaran- 
tees below  the  possible  maximum  when  this  class  of  insulation  is 
employed. 

From  the  standpoint  of  the  designer  of  large  generators,  the 
desirability  of  a  standardized  temperature  guarantee  that  is 
consistent  with  the  safe  operating  temperature  of  mica  insulation 
is  apparent.  When  other  conditions  permit,  full  advantage 
can  be  taken  of  the  heat-resisting  properties  of  the  insulation 
and  the  most  efficient  and  economical  design  can  be  produced. 
In  the  largest  two-  and  four-pole  generators,  it  is  not  only  desir- 
able, but  in  many  cases  it  is  necessary  that  such  advantage  be 
taken  in  order  that  the  safest  mechanical  design  may  be  produced. 
It  is  good  common  sense  that  the  copper  and  the  sheet  steel  cores 
be  pushed  to  the  limit,  electrically  and  magnetically,  so^that 
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greater  factors  of  safety  may  be  provided  in  the  all-important 
mechanical  features  of  the  design.  There  are  so  many  real 
limitations  imposed  by  the  physical-  characteristics  of  the  avail- 
able materials  that  demand  careful  consideration  in  the  design 
of  high-speed  machinery,  that  the  imposition  of  additional 
"man-made"  restrictions  should  by  all  means  be  avoided.  They 
only  serve  to  uselessly  impede  progress. 

In  a  fair,  sensible  contract  there  should  be  no  conflicting  or 
inconsistent  guarantees.  It  is  now  customary  to  include  in  many 
contracts  for  large  generators  a  guarantee  covering  the  total 
temperatiu^e  that  the  insulation  will  continuously  withstand 
without  injury.  Such  a  guarantee  of  the  insulation  is  virtually 
a  guarantee  of  maximum  capacity — so  far  as  capacity  is  deter- 
mined by  heating — and  so  covers,  broadly,  the  same  ground  as 
the  guarantee  of  temperature  rise.  Obviously,  the  two  guarantees 
should  be  equivalent.  An  example  will  make  this  clear.  With 
suitable  mica  insulation,  150  deg.  is  frequently  used  as  the  safe 
limiting  temperatiu^e  guarantee.  Assume  that  this  guarantee  is 
made  and  also  that  the  generator  is  guaranteed  to  deliver 
its  rated  kilovolt-ampetes  without  exceeding  a  temperature  rise 
of  80  deg.  Two  different  guarantees  will  have  been  made;  one 
that  the  generator  will  deliver  its  guaranteed  load  with  a  total 
existing  temperature  of  125  deg.  (adding  40  deg.  air  temperature 
and  5  deg.  allowance  to  the  guaranteed  rise  in  accordance  with 
the  A.  I.  E.  E.  Standardization  Rules);  and  another  that  the 
generator  can  be  safely  operated  up  to  a  temperature  of  150  deg. 
The  guaranteed  temperature  rise  should  have  been  105  deg.  to 
make  the  two  guarantees  consistent  and  rational. 

In  considering  the  subject  of  low  versus  high  temperature 
rise  guarantees,  one  is  apt  to  look  upon  a  low  rise  in  itself  as  an 
advantage  just  as  low  loss  in  a  generator  is  an  advantage.  A 
temperature  rise  guarantee,  however,  is  radically  different  in 
nature  from  a  loss  or  efficiency  guarantee.  In  the  case  of  effi- 
ciency the  operator  is  interested  in  what  the  apparatus  will 
actually  do;  any  reduction  in  losses  is  of  direct  benefit,  and  the 
greater  the  reduction,  the  better  will  be  the  generator.  With 
temperature,  on  the  other  hand,  the  operator  is  only  interested 
in  temperature  rise  to  the  extent  of  knowing  that  it  is  safe; 
he  is  not  primarily  interested  in  temperature  figures.  If  the  opera- 
ting temperature  is  safe,  a  lower  temperature  will  be  no  safer 
and  of  no  particular  value. 

The  importance  to  the  operator  of  a  temperature  guarantee 
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lower  than  that  permitted  by  the  characteristics  of  the  materials 
is  frequently  over-esti«nated.  It  is  felt,  naturally  enough,  that 
this  margin  permits  the  generator  to  safely  carry  heavier  loads 
than  contracted  for  or  to  safely  operate  under  abnormal  condi- 
tions in  emergency.  The  fact  that  the  value  of  the  guaranteed 
safe  limiting  temperature  is  based  on  continuous  service  gives 
sufficient  margin  for  emergencies.  For  limited  periods — and 
this  can  safely  amount  to  months  of  service  in  the  aggregate  — 
considerably  higher  temperatures  are  permissible,  and  this 
margin  will  cover  any  probable  combination  of  emergencies. 
A  completely  mica-insulated  generator  has  seldom,  if  ever, 
failed  on  account  of  insulation  breakdown  due  to  excessive 
loading  in  emergency.  The  limiting  load  is  usually  reached 
because  of  some  other  factor,  such  as  turbine  capacity,  ability 
to  maintain  voltage,  etc. 

It  may  still  be  argued  that  a  low  stator  rise  is  desirable  on 
account  of  the  margin  it  gives  for  continuous  overloads.  There 
would  be  a  better  basis  for  this  argument  if  an  equal  margin 
were  provided  in  the  design  of  the  generator  in  all  other  respects 
— in  rotor  heating  and  exciting  voltage  particularly.  But  this 
is  seldom,  if  ever,  done.  While  practise  in  stator  temperature 
rise  guarantees  is  still  somewhat  unsettled,  the  practise  in  rotor 
temperature  rise  guarantees  is  pretty  well  fixed.  For  the  gen- 
erators under  consideration,  a  rotor  rise  in  the  neighborhood  of 
100  deg.  by  resistance  at  the  maximtun  rating  is  well  established. 
Thus,  even  if  a  rise  as  low  as  60  deg.  be  guaranteed  for  the  stator, 
a  rise  of  100  deg.  is  often  given  for  the  rotor  of  the  same  generator. 
This  at  once  makes  it  impracticable  to  take  advantage  of  the 
asstuned  reserve  capacity  of  the  stator.  Any  increase  in  load, 
resulting  in  an  increase  in  the  temperature  of  the  armature 
winding  will  cause  a  much  greater  increase  in  field  winding 
temperature  and  voltage  drop  with  this  initial  field  temperature. 
Consequently,  if  an  overload  is  contemplated,  the  temperature 
rise  of  the  field  winding  at  the  nominal  load  should  be  approx- 
imately the  same  as  that  of  the  armature  winding. 

Some  fundamental  relations  in  large  turbo  generators  are 
illustrated  by  the  Curves,  Figs.  1,  2,  and  3.  These  curves  will 
be  used  to  explain,  among  other  things,  the  above  statement. 
Fig.  1  shows  the  variation  of  armatiu-e  temperatiu*e  rise  with 
changes  in  load  on  the  basis  of  100  deg.  rise  at  100  per  cent  load. 
The  rises  in  different  parts  of  the  stator  are  shown  by  the  several 
curves.    These  curves  are  based  on  careful  factory  tests  of  various 
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generators,  approximating  20,000  kv-a.,  at  1800  rev.  per  min.  and 
13,000  volts.  They  may  be  considered  as  typical  of  the  large, 
high-speed,  high-voltage  generator.  Temperature  tests  were 
made  at  normal  voltage  and  open  circuit  and  at  normal  voltage 
and  at  various  percentages  of  rated  load.  The  temperatures 
at  other  than  tested  loads  are  taken  as  proportional  to  the  losses 
involved.  In  the  case  of  the  cooling  air,  the  temperature  rise 
varies  in  proportion  to  the  total  losses  of  the  generator;  in  the 
core,  the  temperature  drop  varies  with  the  total  stator  losses 
(neglecting  the  relatively  small  loss  dissipated  through  the  coil 
ends);  and  in  the  case  of  the  winding,  the  temperature  drop 
through  the  insulation  varies  with  the  total  loss  in  the  embedded 

copper.  These  curves  are 
only  roughly  approximate  but 
are  sufficiently  accurate  for 
the  present  purpose.  They 
give  a  picture  of  the  temper- 
ature conditions  in  the  stator 
of  many  of  the  large  high- 
voltage  turbo-generators  that 
have  been  placed  in  operation 
diuing  the  past  three  years. 

According  to  these  curves, 
in  such  a  turbo  generator,  at 
100  per  cent  of  rated  load, 
the  cooling  air  rises  25  deg. ; 
the  outside  surface  of  the  core 
rises  40  deg.  above  the  enter- 
ing air,  or  15  deg.  above  the 
temperature  of  the  discharge  air  in  contact  with  this  surface. 
There  is  a  drop  of  45  deg.  through  the  armature  coil  insula- 
tion, giving  the  total  rise  of  100  deg.  in  the  copper.  It  will 
be  noted  that  nearly  half  of  this  total  rise  is  accounted  for  by 
the  temperature  drop  through  the  insulation  and  consequently, 
any  material  reduction  in  the  total  rise  must  involve  a  substantial 
reduction  in  the  temperature  drop  through  the  insulation.  In 
considering  these  curves  it  must  be  borne  in  mind  that  they 
represent  the  average  generator  of  a  particular  class  and  are 
based  on  generators  designed  to  operate  at  100  deg.  rise  in  the 
stator  copper  at  rated  load. 

On  account  of  its  importance,  it  is  well,  at  this  point  to  consider 
in  detail  the  reasons  for  this  relatively  large  temperature  drop 
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through  the  coil  insulation  and  the  factors  that  determine  it. 
The  temperature  drop  through  the  insulation  is  probably  the 
most  important  single  item  in  determining  the  copper  temper- 
atiu"e  and  is  directly  responsible  for  the  greater  part  of  the  dif- 
ference between  temperature  measured  by  mercury  thermometers 
placed  outside  of  the  insulation  on  the  coil  ends  and  by  thermo- 
couples placed  so  as  to  approximately  measiu-e  the  true  copper 
temperature. 

The  general  principles  on  which  differences  between  internal 
and  external  temperatures  depend  have  been  explained  in  the 
paper  by  Mr.  Lamme,  on  Temperature  Distribution  in  Electrical 
Machinery,  and  need  not  be  given  here.  The  particular  points 
that  apply  to  the  present  problem  may,  however,  be  briefly 
stated. 

The  most  important  path  of  heat  flow  in  the  stator  of  a  gen- 
erator having  a  long  core  is  in  the  plane  of  the  laminations, 
that  is,  from  the  copper  of  an  armatiu-e  coil,  through  the  insula- 
tion, and  through  the  sheet  steel  of  the  core  to  the  air.  The  most 
important  part  of  this  path  is  the  insulation.  As  Mr.  Lamme 
points  out,  the  temperature  drop  through  the  insulation  is  pro- 
portional to  the  heat  transmitted  (watts  loss)  to  the  length  of 
the  path  (the  thickness  of  the  instdation)  to  the  cross  sectional 
area  of  the  path  (the  surface  of  the  insulation  in  contact  with  the 
core  lai^inations)  and  the  heat  resistance  of  the  material. 

A  meastire  of  the  resistance  to  the  flow  of  heat,  or,  more 
properly,  a  measiu^e  of  the  thermal  conductivity,  is  that  rate  of 
heat  flow,  expressed  in  watts,  that  will  cause  a  drop  of  one  deg. 
cent,  when  transmitted  through  an  inch  length  and  a  square 
inch  section  of  the  material;  just  as  in  the  electric  circuit  the 
conductivity  might  be  expressed  as  the  value  of  ctirrent  flow 
that  will  cause  one  volt  drop  through  an  inch  cube  of  the  material. 
Values  of  thermal  conductivity  of  composite  forms  of  insulation 
are  difficult  to  determine  because  different  samples,  apparently 
similar,  give  widely  differing  results.  This  is  largely  due  to 
the  effect  of  air  pockets  in  the  insulation.  The  tighter  the  insu- 
lation, the  higher  will  be  the  conductivity.  For  example,  in 
tests  made  by  Symonds  and  Walker*,  solid  mica  was  found 
to  have  a  thermal  conductivity  of  0.00915  watts  per  inch  cube, 
while  built  up  mica  coil  insulation  had  a  conductivity  less  than 
one-third  of  this.  Glass  (to  consider  another  solid  ordinarily 

•"Heat  Paths  in  Electrical  Machinery",  Harold  D.  Symonds  and 
Miles  Walker.  Journal  /.  £.  £..  Vol.  XLVIII.  1912,  p.  674. 
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thought  of  as  a  poor  heat  conductor)  is  about  ten  times  as  good 
a  conductor  as  the  usual  coil  insulations.  It  is  safe  to  say  that 
the  degree  to  which  air  spaces  exist  in  the  insulation  has  more 
influence  on  the  heat  conductivity  than  does  any  difference  there 
may  be  in  the  conductivities  of  the  various  component  materials 
such  as  paper,  cloth,  varnish,  mica,  etc.,  From  the  best  data 
available  it  appears  that  the  heat  conductivity  of  coil  insulations, 
commonly  used,  varies  from  0.0025  to  0.005  watts  per  inch  cube 
of  the  material;  the  lower  range  of  figures  applies  to  the  older 
hand-wrapped  materials  while  the  higher  range  covers  insula- 
tion applied  under  heat  and  heavy  pressure  by  machinery. 
From  the  standpoint  of  heat  conductivity  and  temperature 
drop  the  importance  of  tightly  wrapped,  compact  insulation  is 
obviously  very  great. 

When  the  rate  of  heat  flow,  expressed  in  watts,  and  the  thermal 
conductivity  and  dimensions  of  the  insulation  are  known  it  is 
possible  to  calculate  the  temperature  drop  through  the  insulation 
with  a  fair  degree  of  accuracy.  The  determination  of  the  rate 
of  heat  flow,  however,  involves  two  factors  that  require  consider- 
able experience  to  estimate;  one,  the  proportions  of  the  total 
heat  that  are  transmitted  along  the  copper  to  the  coil  ends  and 
through  the  insulation  to  the  core;  and,  the  other,  the  increase 
in  loss  due  to  eddy  currents  in  the  copper.*  Since  the  present 
purpose  is  only  to  show  the  order  of  magnitude  of  this  drop 
and  the  reasonableness  of  the  figure  given  for  the  typical  gener- 
ator in  Fig.  1,  it  will  be  sufficiently  accurate  to  assume  that  one 
factor  offsets  the  other;  that  the  eddy  current  losses  are  equal 
to  the  loss  transmitted  longitudinally  through  the  copper.  It 
will  also  be  assumed  that  the  insulation  is  as  compact  as  it  is 
possible  to  make  it  and  has  a  thermal  conductivity  (including 
the  air  spacef  between  the  coil  and  slot)  of  0.0035  watts.  It 
is  usual  in  units  of  this  class  to  work  the  copper  in  the  neighbor- 
hood of  1600  amperes  per  sq.  in.  which  results  with  slots  of  usual 

*It  is  interesting  to  note  that  the  eddy  current  loss  in  the  copper, 
in  a  well  designed  generator  is  only  a  small  part  of  the  load  loss  measured 
with  the  generator  short-circuited,  and  that  there  is  no  method,  so  far 
as  the  writer  knows,  of  accurately  calculating  this  loss.  The  theory  and 
formula  developed  by  Field,  Rogowski  and  others  only  cover  the  limiting 
cases  of  solid  conductors  or  infinitely  laminated  conductors. 

t Still  air  has  a  thermal  conductivity  only  one-tenth  that  of  built  up  insu- 
lations. Even  with  the  closest  possible  fit  between  the  coil  and  the  lamina- 
tions, which  present  a  more  or  less  rough  surface  to  the  coil,  there  is  an 
appreciable  decrease  in  the  conductivity  due  to  this  "joint." 
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proportions,  in  a  loss  (considering  only  PR  loss  at  the  operating 
temperature  as  previously  explained)  of  0.6  watts  per  square 
inch  of  insulation  surface.  For  11,000  or  13,200  volts,  a  reason- 
able thickness  of  insulation  from  copper  to  core  may  be  taken 
at  0.25  inch.  Using  these  figures  the  temperature  drop  may 
be  calculated  thus: 

Thermal  drop  (in  deg.  cent). 

_  Watts  X  thickness  of  insulation  (inches) 

Surface  of  insulation  (sq.  in.)  X  thermal  conductivity 
or: 

Ti,         1^  0.6X0.25        ,^  , 

Thermal  drop  =  — ^^^,      =  43  deg.  cent. 

This  checks  with  the  45  deg.  used  in  the  typical  curve. 

It  is  apparent  that  this  drop  can  be  reduced  by  decreasing 
the  watts  per  sq.  in.  (by  decreasing  the  current  density  or  in- 
creasing the  slot  surface  or  by  both)  by  decreasing  the  thickness 
of  the  insulation  or  by  improving  its  thermal  conductivity. 

With  existing  insulating  materials  and  methods  it  is  not 
feasible  to  materially  reduce  this  temperature  drop  by  these 
latter  methods.  Neither  can  the  slot  surface  be  materially  in- 
creased nor  the  current  density  be  reduced  except  by  correspond- 
ingly increasing  the  dimensions  of  the  stator,  and  this  may  be 
undesirable  or  even  impracticable  in  the  largest  two-  and  four- 
pole  generators  on  account  of  mechanical  limitations. 

The  thickness  of  the  insulation  and  therefore  the  thermal 
drop  is  a  direct  fimction  of  the  rated  voltage.  At  2400  volts 
for  example,  the  thickness  of  insulation  and  the  drop  are  roughly 
half  the  corresponding  figures  for  11,000  volts.  While  it  is  gen- 
erally recognized  that  the  internal  temperatures  in  high-voltage 
generators  are  greater  than  in  low-voltage  generators  for  equal 
surface  temperatiu^es,  it  is,  perhaps,  not  so  generally  appreciated 
that  the  temperature  drop  varies  so  directly  with  the  thickness 
of  insulation  and  amounts  to  such  a  large  figure. 

This  question  of  temperature  drop  through  the  insulation  has 
been  considered  somewhat  in  length  because  it  is  the  most  import- 
ant single  factor  in  determining  the  hot-spot  temperature  in 
large  high-voltage,  high-speed  generators.  If  the  magnitude  of 
the  temperature  drop  through  the  insulation  is  recognized,  the 
difference  between  a  50  deg.  guarantee  by  thermometer  and  a 
100  deg.  guarantee  by  a  properly  placed  thermocouple  is  immedi- 
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ately  explained.  It  will  be  noted  that  in  the  typical  generator, 
illustrated  by  Fig.  1,  the  temperature  rise  of  the  core  surface  is 
only  40  deg.  and  the  temperature  rise  of  the  exposed  end  windings 
would  be  in  the  neighborhood  of  50  deg.  using  ordinary  methods 
of  applying  thermometers.  In  other  words,  this  generator  which 
has  a  hot-spot  temperature  rise  of  100  deg.  would  probably 
meet  a  50  deg.  rise  guarantee  based  on  surface  temperatures. 
Fig.  2  shows  the  increase  in  field  temperature  and  voltage 
drop  with  increase  in  field  current.  The  temperature  curve 
is  based  on  the  assumption  that  the  temperature  rise  at  rated 

load  is  100  deg.  and  is  pro- 
portional to  the  loss  at  other 
loads.  The  loss  and  temper- 
ature rise  increase  consider- 
ably faster  than  in  proportion 
to  the  square  of  the  current, 
due  to  the  increase  in  re- 
sistance with  temperature. 
This  factor  becomes  of  very 
great  importance  at  the  rela- 
,    ,  ,,  ,    ,^  ,    ,    tively  high  temperatures  at 

I <Al1Z^'^ which  turbo  fields   are   ordi- 

■  narily  worked.     Thus,  with  a 

10  per  cent  increase  in  field 
current,  above  100  per  cent 
of  rated  current,  the  tem- 
perature rise  increases  33  per 
cent,  where  only  21  per  cent 
would  have  resulted  if  the  re- 
sistance had  remained  con- 
stant. Due  to  this  effect  and 
also  to  the  second-power  rela- 
tion between  the  current  and  loss,  the  temperature  rise  increases 
at  a  greatly  accelerated  rate  for  current  above  normal.  For  ex- 
ample; the  first  100  deg.  of  rise  is  produced  by  100  per  cent  of 
normal  full-load  field  amperes;  the  second  100  deg.  rise  is  pro- 
duced by  an  additional  25  per  cent  of  normal  amperes;  and  the 
third  100  deg.  of  rise  is  produced  by  only  15  per  cent  of  normal 
amperes.  In  other  words,  to  obtain  an  increase  of  40  per  cent  in 
ampere  turns,  the  loss  must  be  tripled  and  the  temperature  rise 
must  be  increased  from  100  deg.  to  300  deg.  There  is  also  a  cor- 
respondingly rapid  increase  in  required  exciting  voltage  for  field 
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currents  above  normal.  Even  though  the  drop  increases  only  in 
proportion  to  the  first  power  of  the  current,  the  further  increase 
due  to  the  increase  in  resistance  makes  the  total  rate  nearly  as 
great  as  in  the  case  of  the  loss  and  temperature  rise.  The  drop  on 
the  basis  of  constant  resistance  is  shown  by  the  straight  Hne  in 
Fig.  2.  The  diflPerence  in  the  ordinate  of  this  straight  line  and  the 
total  drop  shows  graphically  the  large  effect  of  the  change  in  re- 
sistance at  currents  above  normal.  To  obtain  only  25  per  cent 
increase  in  exciting  ampere-turns,  an  increase  of  60  per  cent  in 
exciting  voltage  is  demanded.  This  increase  in  exciting  voltage  is, 
in  the  majority  of  mica  in- 
sulated generators,  the  real 
limit  to  overload  capacity. 
The  insulation  used  in  the 
rotors  of  large  turbo-genera- 
tors with  which  the  author 
is  familiar  is  solid  molded 
mica  between  the  copper  and 
ground,  and  mica  and  asbestos 
tape  between  turns.  Such  in- 
sulation can  obviously  with- 
stand temperatures  of  several 
hundred  degrees-,  yet  the  total 
temperature  is  limited  to  150 
degrees,  on  account  of  the 
prohibitive  increase  in  excit- 
ing voltage,  just  described, 
that  occurs  with  higher  tem- 
peratures. Thus,  so  far  as 
the  rotor  is  concerned,  tem- 
perature is  not  directly  a  limit  to  capacity. 

Fig.  3  shows  the  relation  between  armature  amperes  and  field 
amperes  in  a  large  turbo-generator  of  average  design  proportions, 
and  ties  together  the  data  given  in  Figs.  1  and  2.  While  differ- 
ences between  individual  units  will  change  this  relation  to  some 
extent,  the  change  will  not  be  of  such  magnitude  as  to  affect 
the  conclusions  reached.  The  three  lower  curves  show  the 
increase  in  field  current  above  the  no-load  value  for  different  power 
factors.  In  the  upper  curves  these  same  data  have  been  expressed 
as  the  percentage  of  the  full4oad  field  amperes  at  each  of  the  three 
power  factors.  These  curves  show  that  in  three  different  genera- 
tors, one  designed  for  100  per  cent  power  factor   deration,   a 
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Fig.  3 — Relation  Between  Arma- 
ture Current  and  Field  Current 
IN  Large  Turbo-Generators.  Ratio 
OF  Field  Amperes  to  Generate 
Normal  Volts  on  Open  Circuit 
TO  Field  Amperes  to  Circulate 
Normal  Armature  Amperes  on 
Short  Circuit  Equalling  1.00 
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second  for  90  per  cent  power  factor,  and  the  third  for  80  per  cent 
power  factor,  all  having  the  same  ratio  between  armature  and 
field  strengths,  the  increase  in  field  current  expressed  as  a  per- 
centage of  full-load  field  current  will  be  the  same  between  70 
per  cent  and  120  per  cent  of  rated  load.  For  the  present  purpose, 
operating  power  factor  may  therefore  be  disregarded,  providing 
the  generator  is  assumed  to  operate  at  the  potuer  factor  for  which 
it  was  designed. 

These  curves  may  now  be  used  to  prove  the  statement,  pre- 
viously made,  that,  in  order  to  provide  additional  capacity  in 
a  generator  beyond  the  contract  rating,  it  is  necessary  that  the 
temperature  rise  guarantees  of  the  armature  winding  and  of 
the  field  winding  be  approximately  equal.  If  a  generator  has 
a  true  hot-spot  rise  of  60  deg.  in  the  stator  and  a  rise  by  resistance 
of  100  deg.  on  the  rotor  the  promise  of  margin  for  overloads 
given  by  the  low  armature  temperature  will  prove  to  be  fruitless. 
To  restate  this  in  the  words  of  the  original  proposition;  a  low 
stator  rise  does  not  guarantee  margin  for  overloads. 

The  question  will  be  considered  in  two  ways;  first,  to  show 
what  field  winding  temperature  rise  and  exciting  voltage  are 
consistent  with  an  armature  temperature  rise  of  60  deg.;  and 
second,  to  show  what  field  winding  temperature  rise  and  excit- 
ing voltage  will  result  when  the  load  is  increased  so  as  to  increase 
a  low  armature  temperature  rise  to  the  safe  operating  temperature 
with  a  generator  having  an  initial  field  temperature  rise  of  100 
deg. 

Let  it  be  assumed  that  a  purchaser  believes  more  margin  in 
stator  temperature  rise  is  desirable  in  order  to  obtain  margin 
in  capacity  for  contingencies,  and  specifies  that  the  stator 
temperature  rise  as  measured  by  thermocouple  shall  not  exceed 
60  deg.  What  rotor  temperature  rise  and  what  margin  in  exciting 
voltage  should  be  specified  in  order  that  this  expected  margin 
may  be  realized?  This  condition  requires  that  a  consistently 
designed  generator  be  assumed;  that  is,  a  generator  capable 
of  operating  at  the  anticipated  maximum  load  within  the 
guaranteed  safe  limiting  temperature  of  the  insulation  in  both 
armature  and  field,  and  requiring  an  exciting  voltage  within  that 
available,  or,  in  other  words,  a  generator  having  characteristics 
shown  in  Figs.  1,  2,  and  3,  at  the  maximum  expected  rating. 
This  generator,  as  illustrated  by  Fig.  1,  must  be  derated  from 
100  per  cent  to  66  per  cent  rating  to  meet  60  deg.  rise  in  the  stator, 
so  that  a  high-voltage  generator,  of  these  relative  core  and  cop- 
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per  temperatures,  that  meets  60  deg.  rise  at  its  nameplate  rating, 
can  carry  50  per  cent  overload  continuously,  and  still  operate 
within  the  safe  temperature  of  mica  insulation.  The  relative 
core  and  copper  temperatures  may  be  varied  somewhat  in  differ- 
ent designs,  but  on  account  of  the  magnitude  of  the  core  loss 
and  windage  loss,  as  compared  with  the  stator  copper  loss,  the 
feasible  variation  is  not  large. 

From  Fig.  3,  66  per  cent  of  rated  armature  amperes  requires 
84  per  cent  of  the  field  excitation  at  100  per  cent  load.  From 
Fig.  2,  the  temperature  and  exciting  voltage  at  84  per  cent  field 
excitation  are  64  deg.  and  76  per  cent  respectively.  Thus, 
consistent  guarantees  would  be  60  deg.  by  thermocouple, 
for  the  armature,  and  60  deg.  by  resistance  for  the  field  winding, 
and  the  generator  should  be  designed  to  require  not  more  than 
90  volts  exciting  voltage  (on  the  basis  of  125  volts  available). 
In  taking  the  required  field  current  at  the  nameplate  rating 
from  66  per  cent  rating  on  Fig.  3,  we  have,  in  effect,  maintained 
the  assumed  unity  relation  between  armature  and  field  strengths 
at  the  capacity  rating.  This  results  in  a  ratio  of  1.5  at  the  name- 
plate  rating,  which  is  a  higher  ratio  than  would  probably 
be  used  for  a  large  two-  or  four-pole  turbo-generator.  In  other 
words,  in  an  actual  design,  the  field  would  be  relatively  weaker 
than  in  the  above  case,  and  the  increase  in  field  current,  temper- 
ature, and  exciting  voltage,  would  be  greater  than  in  the  example 
and  the  guaranteed  figures  for  the  rotor  should  be  correspondingly 
lowered.  To  complete  the  story,  then,  this  ratio  or  an  equivalent 
design  figure,  must  also  be  specified. 

The  determination  of  consistent  guarantees  that  will  make 
certain  a  desired  margin  in  generator  capacity,  no  doubt  appears, 
from  this  example,  to  be  a  complicated  matter.  It  is,  if  the 
purchaser  attempts  to  secure  margin  in  capacity  in  this  indirect 
fashion.  If  this  margin  is  really  desired,  the  purchaser  should 
make  the  desired  maximum  rating  and  the  contract  rating  the 
same,  when  all  these  difficulties  will  disappear.  The  low 
temperature  rises  will,  incidently,  also  disappear  from  the 
contract. 

To  illustrate  the  second  form  of  this  question,  assume  that  a 
generator  has  been  purchased  on  the  basis  of  a  stator  rise  of 
60  deg.  by  thermocouple  and  a  rotor  rise  of  100  deg.  by  resist- 
ance. It  is  assumed  that  both  armature  and  field  are  mica- 
insulated.  Thus  there  is  a  margin  in  capacity  in  the  armature 
equal  to  50  per  cent  of  its  rating,  while  there  is  no  margin,  on 
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the  basis  of  the  guarantees,  in  the  field.  If  the  load  were  increased 
to  the  limit  of  the  armature,  there  would  result  a  temperature 
rise  in  the  neighborhood  of  400  deg.  in  the  field,  and  an  exciting 
voltage  would  be  required  nearly  three  times  normal.  Of  course, 
these  are  impossible  operating  conditions;—  with  these  assumed 
rises  of  60  deg,  and  100  deg.  there  is  no  possibility  of  taking 
advantage  of  the  low  armature  temperature.  Consider  then 
a  less  extreme  case.  Let  the  armature  rise  be  80  deg.  when  the 
field  rise  is  100  deg.  Then  an  increase  in  load  of  14  per  cent 
(from  86  per  cent  to  100  per  cent,  Fig.  1)  is  permissible,  without 
exceeding  the  limiting  safe  rise  of  100  deg.  This  requires 
an  increase  of  9  per  cent  in  field  excitation  (Fig.  3);  and 
results  in  a  rise  of  130  deg.  and  a  voltage  drop  across  the  field 
winding  of  117  per  cent.  This  would  require  an  exciter 
voltage  of  approximately  150  volts  on  the  basis  of  125  volt 
excitation. 

These  examples  illustrate  the  point  already  made,  that  a 
low  temperature  rise  guarantee  for  the  armature  is  not  in  itself 
a  guarantee  of  operating  margin;  that  the  only  way  in  which 
this  margin  can  be  surely  obtained  is  for  the  purchaser  to  draw 
his  specifications  for  the  maximum  rating  desired.  Obviously, 
at  this  maximum  rating  the  maximum  safe  temperature  rise 
may  be  used. 

After  all  is  said,  the  demand  for  low  temperature  guarantees 
usually  has  back  of  it  a  skepticism  as  to  the  real  safety  of  the 
limiting  temperature  claimed  for  the  insulating  materials. 
Operating  engineers  may  safely  leave  this  question  with  the  de- 
signers. In  this  particular  field  of  design,  assumed  limits  are 
being  continually  exceeded  and  extended.  New  designs  are,  from 
necessity,  based  on  an  experimental  study  of  materials  and  on 
an  analysis  of  constructions  and  of  complex  phenomena  involved 
in  the  operation  of  the  generator  to  a  greater  extent  than  on 
direct  experience  with  similar  machines.  On  no  other  basis 
could  sizes  of  high-speed  units  have  been  increased  in  single 
steps  from  10,000  kv-a.  to  20,000  kv-a.  or  from  35,000  kv-a.  to 
50,000  kv-a.  Under  these  conditions,  the  guarantees  made  in 
the  contract  are  really  of  secondary  importance  as  compared 
with  the  ability  and  experience  of  the  designers.  The  situation 
is  quite  different  from  that  existing  with  smaller  medium-speed 
machines  where  the  temperature  and  other  guarantees  are,  in 
many  cases,  the  operators's  principal  safeguard.  With  these 
large  turbine  units,  each    one  representing  an  investment  of 
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several  hundred  thousand  dollars,  the  designer  must  be  conser- 
vative; chances  cannot  knowingly  be  taken.  Whether  the 
temperature  rise  guarantee  is  100  deg.  or  50  deg.,  or,  if  in  the 
future  it  should  become  150  deg.,  the  engineering  public  may 
rest  assured  that,  everything  considered,  it  is  conservative. 
Those  responsible  for  the  fulfillment  of  contracts  cannot  afford 
to  have  it  otherwise. 
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Discussion  on  'Temperature  Distribution  in  Electrical 
Machinery"  (Lamme),  "Rational  Temperature  Guar- 
antees FOR  Large  A-C.  Generators"  (Newbury),  Chi- 
cago, III.,  November  27,  1916. 

Alexander  Gray:  Mr.  Lamme  has  pointed  out  the  difficulty 
experienced  in  making  and  in  interpreting  temperature  measure- 
ments, and  has  suggested  that  the  expert  designer  can  predict 
hot-spot  temperatures  more  closely  than  they  can  be  measured. 
Mr,  Newbury  in  addition  has  pointed  out  the  absurdity  of  the 
low  temperature  guarantee  sometimes  demanded  on  large  gener- 
ators, with  the  idea  that  a  large  overload  capacity  may  thereby 
be  obtained,  when  such  overload  capacity  is  not  available  be- 
cause of  some  limitation  other  than  heating. 

Most  engineers  are  now  satisfied  that  150  deg.  cent,  is  a  safe 
operating  temperatiu-e  for  mica  insulation  and  Mr.  Newbury, 
in  support  of  a  plea  that  designers  and  manufacturers  of  large 
machines  be  not  restricted  to  lower  temperatures,  brings  out  the 
following  points : 

(a)  The  higher  the  permissible  temperature  the  smaller  the 
machine  for  a  given  output  and  the  safer  it  is  mechanically. 

(b)  Generators  completely  insulated  with  mica  have  seldom 
failed  on  account  of  insulation  breakdown  due  to  emergency 
overloads. 

(c)  The  limiting  load  is  generally  fixed  by  turbine  capacity, 
by  ability  to  maintain  voltage,  or  by  some  cause  other  than 
heating. 

(d)  The  overload  margin  provided  by  a  low  stator  tempera- 
ture is  not  available  because  of  rotor  heating  and  because  the 
exciting  voltage  is  limited. 

(e)  The  customer  should  secure  the  desired  margin  of  capac- 
ity by  making  the  desired  maximum  rating  and  the  contract 
rating,  one  and  the  same  thing. 

(f)  With  large  turbine  units  representing  an  investment  of 
several  hundred  thousand  dollars  the  designer  will  not  take 
chances. 

Thesfe  statements  are  not  all  free  from  criticism.  It  is  true  that 
the  use  of  high  temperatures  has  allowed  the  use  of  smaller  and 
safer  machines  for  a  given  output,  but  it  has  also  allowed  the 
original  machine  to  be  rated  up  without  any  increase  in  safety. 
Furthermore,  it  does  not  seem  reasonable  that  exciting  voltage 
should  necessarily  be  a  limitation  in  such  machines.  The  point 
of  the  whole  matter  is  rather  that  the  designers  are  willing  to  bet 
several  hundred  thousand  dollars  of  the  manufacturers  money 
that  150  deg.  cent,  is  a  safe  temperature  for  large  generators 
properly  insulated,  but  the  operating  engineers  are  still  doubtful. 

Just  as  the  older  generation  of  steam  engineers  had  to  be 
weaned  away  from  the  reciprocating  engine,  so  the  electrical 
engineer,  accustomed  to  associate  low  temperature  with  safety, 
will  have  to  be  educated  to  the  use  of  higher  temperatures. 
The  operating  engineer  feels  that  there  is  an  essential  difference 
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between  the  stator  and  the  rotor  guarantee,  because  the  rotor 
voltage  is  low  with  seldom  more  than  one  volt  between  turns, 
while  the  stator  voltage  may  be  13,200  volts  with  100  volts  be- 
tween turns.  If  any  one  of  these  stator  coils  is  loosely  wrapped 
a  hot  coil  will  result,  also  it  is  possible  that  tightly  wrapped  insu- 
lation will  become  loose  due  to  vibration  and  to  the  gradual 
disintegration  of  the  binding  varnishes.  Is  it  then  surprising 
that,  of  two  machines  offered,  alike  in  price  and  in  operating 
characteristics,  the  purchaser  will  select  the  one  with  the  lower 
stator  temperature  guarantee  because,  even  although  the  margin 
of  safety  is  not  available  in  additional  output,  it  is  available  in 
that  it  gives  an  additional  sense  of  security  ? 

For  my  own  part  I  have  great  faith  in  mica  insulation,  and  I 
agree  with  Mr.  Newbury  that  all  parts  of  the  machine  should  be 
rtm  as  hard  as, they  will  stand.  Most  engineers,  however,  are  not 
constantly  in  touch  with  new  designs,  new  insulating  materials, 
and  a  great  mass  of  test  data,  and  so  they  are  more  conservative 
than  the  designer  who  has  such  data  at  his  disposal. 

W.  J.  Foster:  It  is,  indeed,  surprising  that  more  attention 
was  not  given  to  the  laws  governing  heat  flow  by  the  earlier 
designers  of  electric  machines  when  we  consider  how  well  these 
laws  had  been  formulated  by  physicists  many  years  before  much 
attention  had  been  given  to  electricity.  Many  of  our  physical 
laboratories — not  only  those  of  the  universities  and  colleges 
but  of  our  secondary  schools — did  considerable  experimental 
work  in  connection  with  temperature  distribution  before  any 
electrical  engineering  school  was  established. 

The  ideal  heat  remover  is  water,  by  reason  of  its  great  capacity 
for  heat,  but  such  difficult  problems  are  involved  in  making  use 
of  water  for  rotating  machinery  and  the  risks  of  serious  damage, 
due  to  accidents,  are  so  great  that  very  little  use  has  been  made 
of  water  in  the  cooling  of  electric  machines.  Circulating  air  is 
almost  the  sole  agent  for  heat  removal.  The  problem  then  re- 
solves itself  into  the  proper  control  of  the  air  flow.  It  is  evident 
that  the  more  rapid  the  speed  of  the  air  on  any  surface,  the  more 
heat  that  can  be  removed,  and  also  that  it  is  of  great  importance 
that  that  circulating  air  be  conducted  to  all  surfaces  exposed  to 
the  air  and  that  none  of  the  air  be  allowed  to  return.  It  is 
extremely  difficult  in  certain  types  of  machines  to  prevent  the 
eddying  of  the  circulating  air  and  considerable  skill  is  required 
in  designing  so  as  to  prevent  eddies.  As  intimated  by  Mr. 
Lamme,  a  designer  can  now  predict  very  closely — by  taking 
into  consideration  the  quantity  of  heat  generated  in  the  several 
parts,  the  paths  for  flow,  the  consequent  rate  of  flow  and  the 
heat  resistance  of  the  various  materials  in  the  paths — the  inter- 
nal temperatures  in  any  given  type  of  machine.  Perhaps  the 
most  important  factor  in  his  equation  is  the  quantity  of  heat 
generated  in  any  given  case.  The  source  of  heat  he  knows  fairly 
well,  with  the  possible  exception  of  the  eddy  currents.  There  is 
no  doubt  that  the  greatest  element  of  uncertainty  in  the  predic- 
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tion  of  temperatures  is  the  eddy  currents.  Hence,  it  is  of  great 
importance  for  the  designer  to  have  methods  of  predetermining 
eddy  currents  in  much  the  same  manner  as  he  predetermines  the 
strength  of  the  metals  used  in  the  mechanical  parts  of  the 
machine  by  measurements  in  the  mechanical  laboratory.  Static 
impedance  methods  have  been  developed  for  the  measurement  of 
eddy  currents  that  are  found  in  practise  to  be  quite  reliable. 
Hence,  it  is  inexcusable  for  the  modem  designer  to  make  a  serious 
blunder  in  the  ordinary  electric  machine.  This  statement  does 
not  apply  to  radically  new  machines  or  those  where  great  risks 
in  eddy  currents  must  be  taken  by  reason  of  the  extreme  difficulty 
of  obtaining  a  safe  mechanical  structure. 

In  connection  with  the  diagram  shown  by  Mr.  Lamme  to 
illustrate  temperature  drop  through  the  various  media  that  are 
interposed  between  the  copper  of  the  winding  and  external 
circulating  air,  it  is  interesting  to  note  that  the  allowances  over 
and  above  determined  temperatures  for  the  '*hot  spot"  as  now 
standardized  in  the  A.  I.  E.  E.  are  quite  wide  of  the  mark.  If 
through  any  media  we  have  a  temperature  drop  of  20  deg.  cent, 
at  a  certain  heat  flow,  it  is  obvious  that  with  double  the  heat 
flow  the  drop  will  be  doubled.  Let  us  assume  that  any  measuring 
device — like  a  thermocouple  or  temperature  coil — will  be  a  few 
degees  removed  from  the  hot  spot.  If  with  a  certain  heat  flow 
it  is  5  deg.  removed,  with  double  flow  it  will  be  10  deg.  removed. 
Consequently,  when  the  load  is  so  adjusted  that  the  temperature 
rise  as  measured  by  this  device  is  100  deg.  above  room  tempera- 
ture, the  allowance  over  and  above  for  the  hot  spot  should  be 
twice  what  it  is  when  the  indication  is  50  deg.  cent,  rise  above 
room. 

Referring  to  Mr.  Newbury's  plea  for  the  use  of  higher  tem- 
peratures in  contracts  in  mica  insulated  windings  and  his  dis- 
cussion of  the  safe  temperature  of  different  materials,  I  question 
whether  the  line  of  demarcation  between  safe  arid  unsafe  can  be 
absolutely  drawn  for  any  insulation  that  is  built  up  and  more  or 
less  composite  in  its  nature,  as  is  practically  all  insulation  on  the 
windings  of  electric  machines.  With  more  margin  of  safety, 
longer  life  will  result.  This  fact,  more  than  the  expectation  of 
possible  overloads,  is  undoubtedly  responsible  for  some  operating 
companies  specifying  the  60  deg.  rise,  and  at  the  same  time  asking 
for  a  guarantee  of  a  safe  operating  temperature  which  is  higher 
than  they  ever  expect  to  obtain.  Often  the  insistence  upon 
temperature  rise  in  the  stator  not  exceeding  60  deg.  when  85  deg. 
or  100  deg.  is  permitted  in  the  rotor,  results  in  a  machine  of  higher 
efficiency,  as  the  reduced  copper  losses  more  than  offset  the 
increased  iron  losses  in  the  deeper  teeth.  It  should  be  remem- 
bered that  higher  temperatures  exist  in  the  rotor  than  in  the 
stator  from  the  nature  of  the  machine.  In  the  largest  and  highest 
speed  turbo-generators  there  is  a  limit  to  the  space  that  can  be 
given  up  to  the  copper  and  to  the  weight  that  can  be  carried, 
whereas  such  limitations  do  not  exist  in  the  stator. 
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In  connection  with  Mr.  Newbury's  paper,  I  am  inclined  to 
think  that  there  is  some  danger  of  the  impression  becoming 
established  that  no  electric  machine  is  safe  that  does  not  have 
high  temperature  insulation.  I  think  this  will  be  just  as  unfor- 
tunate as  to  have  the  impression  abroad  that  the  rotor  parts  of  a 
small  low-speed  engine-driven  dynamo  should  be  constructed 
of  the  strongest  material,  such  as  nickel  steel  or  just  the  same  as 
used  in  the  largest  and  highest-speed  steam-turbine-driven 
dynamo.  It  is  a  well  known  fact  that  the  lower  temperature 
insulations  known  as  "Class  A"  in  the  A.  I.  E.  E.  Standardiza- 
tion Rules  are  superior  in  certain  characteristics  to  the  high 
temperature  known  as  ** Class  B."  Therefore,  such  ins\ilation 
should  be  used  where  the  conditions  of  service  are  such  as  to 
produce  low  temperatures  under  all  conditions  of  operation. 

C.  J.  Fechheimer:  Since  the  time  that  so-called  temperature 
detecting  devices  (including  resistance  coils  and  thermocouples) 
have  been  employed  for  the  purpose  of  determining  the  maximum 
temperature  of  the  stator  windings  in  large  a-c.  dynamo  electric 
machinery,  the  purchasing  public  has  been  to  a  large  extent  of 
the  opinion  that  such  devices  were  the  means  of  determining 
with  considerable  accuracy  the  temperature  of  the  hot  spot  in 
the  stator.  Especially  have  they  been  of  this  opinion  when  the 
temperature  measuring  device  was  placed  between  the  upper  and 
lower  coils,  when  the  usual  lap  or  wave  windings  were  employed. 
Our  knowledge  of  the  subject  of  temperature  measurement  is 
now  slightly  greater  than  it  was  at  the  time  the  hot-spot  question 
was  under  considerable  discussion,  and  we  now  know  that  unless 
all  the  facts  pertaining  to  the  case  in  question  are  known,  the 
temperattu-e  detecting  device  may  give  indications  which  are 
considerably  in  error.  Mr.  Lamme  has  pointed  out  certain 
sources  of  error,  and  we  wish  to  call  attention  to  a  number  of 
others. 

If  the  device' is  placed  between  the  coil  and  the  iron  as,  for 
example,  at  the  bottom  of  the  slot,  the  reading  will  be  nearly  an 
indication  of  the  iron  temperattu-e  and  does  not  allow  at  all  for 
the  thermal  drop  from  the  copper  to  the  iron.  Therefore,  the 
correction  given  in  the  Institute  Rules  for  devices  placed  in  this 
manner  is,  in  our  opinion,  worse  than  an  estimate  or  approxima- 
tion. Even  though  such  temperature  indicating  device  at  the 
bottom  of  the  slot,  plus  a  correction,  were  near  the  copper  tem- 
perature for  that  particular  part  of  the  coil,  it  might  be  far  from 
registering  the  temperature  of  the  copper  in  part  or  in  the  whole 
of  the  upper  coil  (or  upper  part  of  the  one  coil,  if  there  be  but 
one  per  slot)  as  indicated  so  well  in  Mr.  Newbury's  paper  of 
about  a  year  ago.* 

Unless  coils  are  very  well  laminated,  the  loss  in  the  upper 
coil  may  be  considerably  greater  than  in  the  lower  coil,  especially 
when  there  is  a  large  depth  of  copper  in  the  slot.  A  temperature 
device  placed  between  coils  can  then  read  only  an  approximate 
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average  of  the  temperatures  of  the  lower  part  of  the  upper  coil 
and  the  upper  part  of  the  lower  coil.  This  is  borne  out  pretty 
well  in  Mr.  Newbury's  paper  referred  to  above.  For  example, . 
at  1000  amperes,  the  temperature  between  core  and  bottom  bar 
is  found  to  be  92  deg.,  between  bars  170  deg.,  whereas  the  bottom 
bar  was  found  to  be  at  140  deg.,  and  the  top  at  210  deg. 

When  heat  flows  conductively,  a  certain  amount  of  time  is 
required  for  the  transfer  of  heat  from  one  place  to  another; 
therefore  a  certain  amount  of  time  is  required  for  the  tempej^ature 
device  to  assume  the  same  temperature  as  that  of  the  copper  in 
the  coil  when  insulation  is  interposed  between  the  copper  and  the 
temperature  device.  Hence,  when  the  temperature  device  is 
placed  between  the  upper  and  lower  coils,  and  the  machine  has 
not  reached  constant  temperature,  the  temperature  device 
reading  must  lag  behind  the  true  temperature  of  the  copper. 
Especially  for  short-time  overloads,  will  the  temperature  indica- 
tion of  the  device  placed  between  upper  and  lower  coils  be  liable 
to  considerable  error.  It  is  also  probable  that  resistance  coils 
would  be  slightly  more  in  error  than  thermocouples  owing  to 
the  fact  that  it  would  require  slightly  more  time  for  the  entire 
resistance  coil  to  assume  the  temperature  of  the  surrounding 
medium  than  it  would  for  the  thermocouple. 

It  is  also  probable  that  with  a  spacer  placed  between  the  upper 
and  lower  coils,  the  indication  of  the  temperature  device  would 
be  slightly  more  in  error  than  were  such  spacer  omitted,  owing 
to  the  fact  that  heat  in  that  case,  will  flow  from  between  coils 
to  the  laminations,  thus  tending  to  produce  the  same  effect  as 
pointed  out  by  Mr.  Lamme  under,  "Errors  in  Temperatiu'e 
Measurement." 

We  are  calling  attention  to  these  errors  in  measurement,  as 
enumerated  above,  for  the  purpose  of  indicating  the  futility  of 
the  customer  relying  upon  the  indications  as  recorded  by  such 
devices,  and  furthermore  upon  relying  to  any  great  extent  upon 
the  temperature  guarantees  embodied  in  the  contract.  We  are 
familiar  with  other  errors  in  measurement  which  we  have  not 
mentioned,  but  we  believe  that  those  cited  should  be  sufficient  to 
prove  our  point. 

Referring  now  more  specifically  to  Mr.  Lamme's  paper,  it  is 
interesting  to  note  that  whereas  heat  and  electrical  insulators 
obey  the  same  general  laws  insofar  as  a  comparison  of  insulating 
and  conducting  materials  is  concerned,  the  laws  no  longer  hold 
in  all  cases  for  insulating  materials  only.  For  example,  air  is  one 
of  the  best  heat  insulating  materials  known  and  yet  it  is  by  no 
means  the  best  electrical  insulator.  Mica  will  withstand  several 
times  the  dielectric  stress  that  air  will,  but  air  is  a  considerably 
better  insulator  for  heat  than  is  mica. 

V.  M,  Montsinger  Since  electrical  apparatus  of  today  is 
being  rated  at  its  maximum  capacity,  the  question  of  tempera- 
ture  distribution  has  become  a  very  important  factor  not  only 
in  rotating  but  also  in  stationary  machinery.   As  an  addition 
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to  these  two  papers  which  consider,  primarily,  motors,  generators, 
turbines,  etc.,  I  should  like  to  say  a  few  words,  in  regard  to  the 
conditions  existing  in  stationary  apparatus,  that  is,  in  trans- 
formers. 

It  is,  of  course,  recognized  that  from  a  thermal  standpoint 
the  conditions  existing  in  transformers  are  not  as  complicated 
as  in  rotating  machinery,  for  the  reason  that  the  copper  windings 
and  iron  core  are  not  in  such  intimate  relations  with  each  other, 
that  is,  there  is  practically  no  transverse  flow  of  heat  between 
them,  as  we  have  in  moving  machinery.  For  this  reason  we  are 
able  to  calculate  more  accurately  the  internal  temperatures  of 
transformers.  However  simple  it  appears  to  be,  it  really  is  not 
so  simple  and  the  fact  remains  that  the  maximum  temperature 
may  in  some  cases  be  considerably  higher  than  the  average 
temperature  as  observed  by  change  in  resistance.  In  making 
guarantees  by  average  temperature,  certain  corrections  or  addi- 
tions are  made  for  hot  spots.  Although  this  is  an  advancement 
over  the  old  method  of  not  recognizing  that  there  were  any  hot 
spots,  the  present  method  must  still  be  recognized  as  an  approxi- 
mation. 

Some  of  the  reasons  why  the  present  method  of  allowing  a 
standard  correction  to  take  care  of  the  maximum  temperature 
is  not  an  exact  method  of  getting  at  the  real  conditions,  are  as 
follows : 

1.  It  is  impossible  to  observe  the  average  temperature  at  the 
instant  of  shutdown,  consequently  there  is  always  a  cooling  oflF 
of  the  windings  between  the  time  of  shutdown  and  the  time  of 
observing  the  resistance.  A  correction,  therefore,  has  to  be  made 
and  it  is  not  a' ways  possible  to  be  absolutely  accurate  in  making 
this  correction.  It  may  be  stated,  by  way  of  parenthesis,  that  a 
careful  study  of  this  question  has  been  made  and  the  writer 
hopes,  in  the  near  future,  to  present  the  results  of  this  before  the 
Institute. 

2.  No  two  transformers  unless  of  the  same  design  have  the 
same  difference  between  their  maximum  and  minimum  tempera- 
tures. For  example,  if  the  coils  are  in  a  vertical  position  the 
upper  portion  is  necessarily  operating  at  a  higher  temperature 
than  is  the  lower  portion.  The  same  is  true  if  the  coils  are  in  a 
horizontal  position,  except  that  herfe  the  temperature  of  the  top 
coil  is  higher  than  is  the  temperature  of  the  bottom  coil.  This 
difference  between  maximum  and  minimum  becomes  more 
marked  as  the  height  of  coil  or  coil  stack  increases. 

3.  Transformer  coils  necessarily  have  to  be  braced  for  mechan- 
ical reasons  and  in  doing  this  a  certain  portion  of  the  coil  sur- 
face is  covered.  By  properly  arranging  this  bracing,  however, 
the  effect  of  overheating  due  to  this  may  not  be  objectionably 
for  ordinary  normal  load  operation. 

Considering  then  the  many  types  or  different  designs  of  trans- 
formers, each  of  which  has  a  different  temperature  gradient,  it 
seems  that  there  is  room  for  improvement  over  the  present 
method  of  making  guarantees  by  average  temperature^   ^     ^ 
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Mr.  Newbury  advocates  that  temperature  guarantees,  for  ro- 
tating machinery,  be  based  upon  a  safe  maximimi  temperature, 
as  determined  by  thermocouples  rather  than  upon  a  certain 
temperature  rise  observed  by  thermometers.  It  seems  that  the 
position  he  has  taken  is  a  most  logical  one  and  should  be  applied 
wherever  possible  to  all  types  of  electrical  machinery. 

For  oil-injmersed  transformers,  thermometers  cannot  be  em- 
ployed for  exploring  the  temperature  of  the  coils.  For  this 
reason  guarantees  are  now  based  upon  average  temperatures. 
While  the  difference  between  the  average  temperature  and  the 
maximum  temperature  of  an  oil-immersed  transformer  may  not 
be  as  great  as  the  difference  between  the  highest  observable 
temperature  by  thermometer,  and  the  hottest-spot  temperature 
observed  by  thermocouple  in  moving  machinery,  yet  it  seems 
that  the  problems  of  the  two  types  of  machinery  are  somewhat 
analogous.  Unfortunately  the  thermocouple  is  not  as  suitable 
for  transformers  as  for  generators,  etc.,  because  of  the  potential 
danger  and  in  order  to  have  a  satisfactory  temperature  indicator 
for  transformers  it  will  be  necessary  to  use  some  other  scheme. 
Assuming  that  we  had  a  satisfactory  temperature  indicator  for 
transformers,  it  would  be  interesting  to  know  how  operating 
engineers  feel  about  the  practical  side  of  observing  the  temper- 
ature by  an  indicator  as  compared  with  the  present  method  of 
observing  the  maximum  oil  temperature  by  either  indicating  or 
alarm  thermometers  immersed  in  oil. 

P.  Junkersfeld:  Some  local  experiences  had  a  little  to 
do  with  stirring  up  this  subject  about  ten  or  eleven 
years  ago.  I  refer  to  the  first  few  years  in  which  we  operated 
turbine-driven  generators.  Previous  to  that  the  engine-driven 
generators  did  not  present  any  great  difficulties  because  the  sur- 
faces were  large,  but  with  the  turbine-driven  generators  a  con- 
siderable amount  of  heat  had  to  be  dissipated  in  a  small  space. 
That  brought  up  a  good  many  new  problems  at  once,  and  par- 
ticularly the  problems  of  insulation  and  ventilation. 

I  think  it  was  early  in  1907,  or  nearly  ten  years  ago,  when  we 
were  fairly  certain  that  these  generators  were  running  much 
hotter  than  we  originally  expected,  when  one  of  them  sud- 
denly bu  nt  out  on  a  test.  That  alternator  was  de- 
signed for  a  nominal  load  of  8000  kw.  and  12,000-kw.  overload 
for  two  hours.  It  had  been  running  at  normal  rating  and  then 
increased  rapidly  from  8000  kw.  to  a  load  of  12,000  kw.  It  had 
only  been  running  at  12,000  kw.  for  less  than  an  hour  when  it 
burned  out  with  the  thermometer  on  the  end  windings  showing 
a  total  reading  of  only  85  degrees.  That  showed,  of  course,  at 
once  that  there  must  have  been  soma  parts  of  that  machine  a 
good  deal  hotter  than  85  degrees.  It  was  suggested  that  pos- 
sibly some  scheme  of  exploring  coils  would  be  advisable.  When 
that  machine  was  rewound,  exploring  coils  were  put  into  that 
machine.  It  took  only  a  very  few  months  of  experience  to  prove 
quite  conclusively  that  the  preceding  practise  of  building  and 
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designing  turbo-generators  involved  at  least  two  fallacies:  First 
that  there  was  a  very  great  difference  between  the  temperature 
as  recorded  by  the  thermometer  and  by  the  exploring  coil; 
second,  that  the  windings  reached  a.  constant  temperature  when 
operated  at  12,000  kw.  in  about  fifty  minutes. 

That  demonstrated  the  fallacy  of  rating  generators  of 
that  kind  on  a  two-hour  overload.  In  other  words,  the  experi- 
ence indicated  that  such  a  machine  gets  about  as  hot  as  it  will 
ever  get  at  the  end  of  an  hour.  This  finally  resulted  in  rating 
such  turbo-generators  on  a  maximum  continuous  basis  without 
an  overload  in  addition. 

P.  M.  Lincoln:  Mr.  Lamme  starts  his  paper  by  stating  that 
it  is  rather  surprising  that  we  had  not  gathered  more  informa- 
tion concerning  the  laws  of  temperature  distribution  and  heat 
dissipation. 

This  after  all  is  not  so  surprising,  when  we  come  to  consider 
the  difficulty  of  dealing  with  heat  measurements.  We  have  no 
heat  ammeter  or  heat  voltmeter  or  heat  wattmeter,  and  thus  it 
is  exceedingly  difficult  to  get  the  data  on  the  amount  of  heat 
flowing,  and  the  differences  in  thermal  voltage,  if  we  may  call  it 
so,  that  is,  differences  in  temperature  which  cause  heat  flow.  It 
is  the  inherent  difficulty  in  securing  these  measurements  that  is. 
to  a  large  extent,  responsible  for  our  lack  of  information  upon 
this  subject;  I  can  testify,  from  my  own  study,  that  there  is  a 
very  decided  lack  of  information  upon  this  general  question  of 
heat  flow. 

In  referring  to  the  comments  of  Mr.  Foster,  I  want  to  call 
attention  to  one  point.  He  states  that  the  more  rapid  the  air 
flow  across  a  surface  from  which  heat  is  being  dissipated,  the 
more  rapid  will  be  the  escape  of  heat. 

Now,  that  is  perfectly  true  up  to  a  certain  limit,  but  beyond 
that  limit  it  ceases  to  be  true.  That  is,  the  friction  of  the  air 
upon  the  surface  will  give  rise  to  heat  of  itself,  and  we  cannot 
carry  the  speed  of  air  across  surfaces  up  indefinitely  and  expect 
the  escape  of  heat  to  continue  to  be  dependent  upon  this  rate  of 
air  movement.  In  our  modern  turbo-generators,  we  are  getting 
very  close  to  that  point.  The  rise  of  temperature  through  the 
generator,  due  to  the  windage  within  the  generator,  is  a  very 
considerable  amount,  and  we  cannot  force  it  a  great  deal  higher 
than  we  are  now  doing  in  our  modern  generators. 

Now,  coming  back  to  this  question  of  allowable  temperatures 
in  generators:  I  do  not  think  that  there  is  any  one  who  has 
given  critical  thought  to  the  subject  who  will  deny  that  it  is  per- 
fectly safe  with  our  modern  insulation  to  go  at  least  to  150  deg. 
cent.  The  real  question  is,  how  much  further  can  we  go?  The 
standards  committee  of  the  A.  I.  E.  E.,  I  understand,  placed  this 
limit  of  150  degrees,  because  they  felt  that  there  was  not  a  suf- 
ficient amount  of  practise  in  the  past  to  justify  their  placing  a 
higher  limit.  When  we  come  to  consider,  however,  the  actual 
point  of  danger  in  our  modern  insulations,  and  the  experiences 
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we  have  had  with  them,  I  see  no  reason  why  we  should  not  go 
higher  than  150  deg.  cent.  Just  how  much  higher,  is  the  ques- 
tion. I  have  devoted  a  little  time  to  studying  that  question, 
and  I  think  we  can  say  that  there  is  a  definite  limit  beyond  which 
we  cannot  go  in  temperature,  that  definite  limit  depending  to  a 
very  large  extent  upon  the  temperature  coefficient  of  the  thermal 
conductivity  of  the  insulation  employed. 

Let  me  put  it  down  in  figures.  Suppose  we  have  a  coil,  like 
an  armature  coil  in  a  generator,  insulated,  and  we  put  a  certain 
current  through  that  coil;  it  will  of  course  have  a  certain  amount 
of  watts  produced  in  it  which  I  will  call  Wt.  If  we  call  /  the 
current  in  the  coil,  and  R  its  resistance,  this  wattage  is  equal  to 
P  R,  Si  familiar  expression.  We  can  go  further.  The  R  is  de- 
pendent upon  the  temperature  of  the  coil.  If  we  take  Rq  as  the 
resistance  of  the  coil  at  0  deg.  cent.,  its  resistance  at  any  other 
temperature  is  given  by  the  well  known  expression  R  =  Rq(1  +  ai) 
where  /  is  the  temperature  in  degrees  cent.,  and  a  is  the  temper- 
ature coefficient.  Therefore,  the  watts  entering  the  coil  are 
PTi  =  /2  i?o  (1  +  a/).     The  usual  value  assigned  to  a  is  0.004. 

The  watts  that  escape  from  the  coil,  which  I  will  call  W.,  are 
evidently  proportional  to  thermal  drop  and  inversely  proportional 
to  the  thermal  resistance.  If  therefore,  we  call  /  the  temper- 
ature of  the  copper  of  the  coil,  /i  the  temperature  of  the  cooling 
medium  (surrounding  air)  and  e  the  thermal  resistance,    the 

watts  escaping,  W,  become  W^  =  ^ 

e 

Now,  this  quantity  e  also  has  a  temperature  coefficient;  and 
if  we  represent  this  coefficient  by  o',  the  expression  for  W,  be- 
comes Wg  =  — 7T-T — r7\  where  Co  is   the  thermal  resistance  at 

0  deg.  cent. 

Now  Mr.  Lamme  has  enimciated  the  general  principle  in  his 
paper,  that  heat  conductivity  and  electrical  conductivity  have  a 
certain  relation  to  each  other,  that  they  are  roughly  proportional 
to  each  other. 

Now,  if  we  assume — and  this  is  the  big  if  in  my  calculations — 
if  we  asstune  that  the  above  law  holds  with  respect  to  the  tem- 
perature coefficients  both  of  thermal  and  electrical  resistance, 
tliat  is,  that  a'  is  equal  to  a  and  that  a  has  its  usual  value  of 
0.004 — ^it  can  easily  be  shown  that  when  the  temperature  ex- 
ceeds 250  deg.  cent.,  above  the  cooling  medium,  it  comes  into  a 
state  of  imstable  equilibrium.  In  other  words,  the  amoimt  of 
heat  generated,  increases  with  increasing  temperature  while  the 
ability  of  the  coil  to  dissipate  heat  decreases  with  increasing 
temperature.  Evidently,  there  must  eventually  come  a  point 
where  the  coil  is  unable  to  get  rid  of  the  heat  put  in  and  the 
temperature  tends  toward  infinity.  Furthermore,  the  PR  that 
gives  a  temperature  of  150  deg.  cent.,  will  only  have  to  be  in- 
creased about  25  per  cent  in  order  to  arrive  at  250  [^c|g^^(gBi(^QQQ|g 
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Let  me  put  this  in  graphic  form.  Refer  to  Fig.  1 ,  where  temper- 
ature in  degrees  cent,  is  laid  off  on  the  vertical  axis  and  the  watts 
on  the  horizontal  axis.  The  straight  line  marked  Wi  shows  the 
manner  in  which  the  watts  input  to  our  coil,  will  vary  with 
changing  temperature,  and  the  curve  marked  W,  will  indicate 
how  the  watts  dissipated  will  vary  under  the  same  conditions. 
In  plotting  this  curve,  the  cooling  air  is  assumed  at  40  deg.  cent. 
It  is  of  course,  obvious  that  the  watts  put  in  and  the  watts 
taken  out,  must  be  the  same;  that  is,  Wi  =  W,. 

If  these  two  curves  are  made  to  intersect  at  150  deg.  cent, 
(the  maximum  now  allowed  by  the  Rules  of  the  A.  I.  E.  E.)  the 
curve  Wi  will  have  a  given  inclination.  If  we  increase  this  in- 
clination by  about  25  per  cent,  we  will  arrive  at  the  point  of 
tangency  between  Wi  and  W»,  and 
it  is  obvious  that  for  higher  incli- 
nations, Wi  and  W»  will  never 
meet.  The  point  of  tangency  be- 
tween Wi  and  W»  therefore,  fixes 
definitely,  a  temperatiu^e  beyond 
which  it  is  impossible  to  operate. 

Now,  if  we  go  further  and  put  a  < 
"ft"    term    into    oiu*    temperature  | 
coefficient  equation  and  give  it  the  ' 
form  R  ^  Rq  {I  +  at  +  bt^)  the  h 
point  of  tangency  is  further  reduced  \ 
and  with  the  usual  values  of  a  and  ' 
by  the  maximum  allowable  temper- 
ature becomes  about  200  deg.  cent, 
above  the  cooling  air. 

The  crux  of  what  I  have  to  say, 
comes  in  the  assumption  that  tem- 
perature coefficient  for  thermal 
conductivity  is  equal  to  that  for 
electrical  conductivity.  Now,  I 
am  simply  making  that  assump- 
tion, and  above  results  are  based  on  that  assumption.  Whether 
that  assimiption  is  correct  or  not,  I  do  not  know.  I  have  not 
been  able  to  get  any  accurate  data  on  this  point.  But  if  they 
are  equal,  the  above  results  follow. 

Mr.  Lamme  has  shown  that  some  of  the  heat  in  a  generator, 
escapes  by  flowing  along  the  copper,  and  we  do  know  that  the 
temperature  coefficient  for  thermal  resistance  of  copper,  is  a 
quantity  very  close  to  that  for  the  electrical  resistance.  How- 
ever, most  of  the  heat  in  our  generator,  escapes  by  flowing 
through  the  insulation  and  on  the  temperature  coefficient  of  the 
thermal  resistance  of  this  insulation,  there  are  practically  no 
data  available.  Upon  the  value  of  this  quantity,  depends  the 
amount  of  curvature  of  W,  in  the  Fig.  1  and  the  point  of  tan- 
gency obviously  depends  upon  the  degree  of  the  curvature.  I 
would  strongly  urge  that  steps  be  taken  to  obtain  accurate  data 
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upon  this  point,  covering  the  standard  insulations  that  are  used 
in  electrical  machinery. 

W.  C.  Bauer:  There  is  a  very  important  point  in  temperature 
discussion  which  is  very  seldom  brought  up,  and  it  is  this :  Some 
manufacturers  seem  to  fail  to  realize  the  double  function  which  in- 
sulating material  must  perform.  It  is  used,  of  coiu^e,  to  limit  the 
flow  of  current  along  the  desired  path  and  to  keep  it  from  short- 
circuiting  along  other  paths.  The  manufacturer  says,  **The 
more  insulation,  the  better  my  machine  becomes."  He  fails  to 
realize  that  the  more  insulation  he  puts  on  the  more  difficult  it 
is  for  heat  to  get  out;  and  there  may  be  a  point  reached  when, 
if  he  puts  on  four  layers  of  insulation,  the  machine  is  not  as  safe 
as  it  would  be  if  he  put  on  only  one  layer.  I  do  not  know  to 
what  extent  research  along  this  line  has  been  carried  out,  but 
what  I  think  should  be  carefully  investigated,  is,  the  safety  of 
the  machine  as  a  function,  not  of  the  thickness  of  the  insulation 
but  as  a  function  of  the  thinness  of  the  insulation. 

N.  J.  Conrad:  The  authors  emphasize  the  idea  that  the 
operating  engineers  usually  measure  temperatures  at  points 
which  operate  at  relatively  low  temperatures  as  compared  to  the 
**hot  spots",  and  also  that  measurements  made  with  exploring 
coils  or  resistance  coils  are  crude  as  compared  to  measurements 
made  with  thermocouples. 

Ten  years  ago,  and  also  later,  we  found  it  quite  difficult  in 
some  cases  to  convince  the  designers  that  the  temperatures  in- 
dicated by  exploring  coils,  were  not  considerably  higher  than 
the  actual  maximum  temperatures  existing  in  turbo-generators. 

The  Commonwealth  Edison  Company  began  the  use  of  ex- 
ploring coils  the  early  part  of  1907  by  installing  them  in  an  8000- 
kw.  turbo-generator  while  it  was  being  rewound  after  a  burnout 
which  occurred  during  an  overload  test.  This  generator  had  an 
overload  rating  of  12,000  kw.  for  two  hours.  It  is  interesting  to 
note  that  in  this  case  the  exploring  coils  were  placed  between 
the  two  armature  coils  in  the  slots,  which  is  now  recognized  as 
the  best  location. 

Some  of  the  facts  brought  out  by  this  installation  of  exploring 
coils  were  very  interesting. 

With  a  load  of  10,000  kw.,  the  maximum  temperature  rise, 
obtained  by  means  of  an  exploring  coil  between  armature  coils 
in  the  slots,  was  78  deg.  cent,  while  the  average  rise  of  four  such 
coils  was  73  deg.  cent.  The  maximum  rise,  as  indicated  by  four 
thermometers  placed  at  the  hottest  spots  that  the  thermometers 
could  be  placed,  was  56  deg.  cent.,  while  the  average  rise  of  the 
four  thermometers  was  48  deg.  cent.  The  difference  between 
the  maximum  rise  by  exploring  coil  and  thermometer  was  22 
deg.  cent. 

At  the  time  that  this  generator  burned  out  while  carrying  a 
load  of  14,000  kw.  the  thermometers  placed  on  the  windings 
indicated  a  temperature  rise  of  58  deg.  cent.  The  highest  load 
tests  run  on  this  generator  after  it  was  rewound  with  the  old 

Digitized  by  LjOOQ IC 


1514  TEMPERATURE  DISTRIBUTION  [Nov.  27 

type  of  winding  and  with  exploring  coils  installed,  were  at  10,- 
000  kw.,  but  extended  curves  of  temperature  rises  show  that  at 
12,000  kw.  the  temperature  rise  would  have  been  about  94  deg. 
cent. 

A  check  test  was  made  on  these  exploring  coils  in  the  following 
manner.  The  machine  was  run  with  a  load  of  9000  kw.  until 
the  temperatures  indicated  by  the  exploring  coils  were  constant. 
The  average  temperature  as  shown  by  10  exploring  coils  was  86 
deg.  cent.  The  load  was  taken  off  and  the  machine  shut  down. 
It  required  three  minutes  to  take  the  load  off  the  machine  and 
18  minutes  more  for  the  machine  to  come  to  rest  after  it  was 
taken  off  the  system.  When  the  machine  came  to  rest  the  aver- 
age temperature,  as  indicated  by  the  exploring  coils,  was  61.6 
deg.  cent.,  while  the  average  temperature,  as  indicated  by  ar- 
mattire  resistance  measurements  was  63  deg.  cent.  The  de- 
crease in  temperature,  between  the  time  the  load  was  decreased 
and  the  time  the  machine  came  to  rest,  was  25  deg.  cent. 

A  matter  which  has  not  been  mentioned  in  these  papers  is  the 
importance  of  periodic  heat  tests  in  connection  with  increased 
heating  caused  by  the  accumulation  of  dirt  in  turbo-generators. 

Temperature  readings  were  taken  on  a  12,000-kw.  generator 
with  a  load  of  8,000  kw.  The  maximum  rise  of  the  copper  with 
this  load  was  55  deg.  cent.  The  maximum  rise  of  the  core  was 
62  deg.  cent.  These  temperature  rises  were  very  much  higher 
than  usually  obtained  with  this  load  on  machines  of  this  partic- 
ular type.  The  normal  temperature  rise  at  8000  kw.  being 
32  deg.  cent,  for  the  copper  and  28  deg.  cent,  for  the  iron.  It  was 
hardly  reasonable  to  suspect  that  the  accumulation  of  dirt  in 
the  machine  would  cause  such  a  large  increase  in  the  temperature 
rise.  It  was,  however,  decided  to  remove  the  field  and  make  an 
inspection. 

It  was  found  that  one  of  the  bearings  of  this  unit  had  been 
throwing  oil.  This,  combined  with  the  fact  that  a  great  deal  of 
building  reconstruction  had  been  going  on,  had  res\ilted  in  a 
very  great  accimiulation  of  dirt  on  the  armature.  In  fact  this 
accumulation  of  dirt  was  so  great  that  about  90  per  cent  of  the 
ventilating  ducts  had  been  entirely  choked  up.  The  increase  in 
temperatiu-e  rise  amounted  to  80  per  cent  on  the  copper  and  123 
per  cent  on  the  core. 

C.  A.  Keller:  Referring  to  Mr.  Lamme's  statement  that  one 
great  advantage  of  the  thermocouple  is  its  very  small  size,  so 
that  it  indicates  the  temperature  at  practically  a  point  instead  of 
a  very  considerable  area.  This  type  of  temperature  coil  may  be 
desirable  for  factory  tests,  but  after  the  machine  has  been  in 
service  for  some  time  and  the  slots  and  openings  partially  filled 
with  dirt  collected  from  ventilating  air,  a  temperature  coil  with 
considerable  area  to  cover  some  of  the  hot  spots  which  it  is 
difficult  to  ordinarily  predetermine  would  be  more  practical. 

I  wish  to  ask  Mr.  Lamme  if  there  has  been  any  scheme  devised 
for  taking  temperatures  in  rotating  elements  such  as  the  arma- 
ture of  a  railway  rotary  while  running  under  load  conditions,  j 
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M.  M.  Flower:  There  is  one  point  I  do  -not  think  has  as  yet 
been  brought  out  very  clearly.  Mr.  Newbury  has  brought  out 
clearly  the  limiting  features  of  the  rotor  temperature.  The 
limiting  feature  is  the  exciter  voltage  and  not  the  temperature 
rise.  The  temperature  rise  in  the  rotor  can  never  become  dan- 
gerous, or  in  other  words,  the  exciter  voltage  acts  as  a  safety 
valve,  which  will  always  limit  the  temperattu'e  rise  in  the  rotor. 
This  limitation  does  not  exist  on  the  stator  as  the  operator  can 
keep  on  loading  the  generator  until  the  safe  temperature  limit  of 
the  stator  is  exceeded. 

B.  G.  Lamme:  I  have  made  up  a  sketch  which  brings  out 
much  better  than  any  description,  some  of  the  fundamental 
diflFerences  between  Class  "A**  and  Class  "B**  insulations. 
These  might  be  called  the  time-temperature  curves  for  these 
insulations.  These  must  be  considered  as  approximations  only, 
as,  from  the  very  nature  of  the  materials  themselves,  no  exact 
curves  are  possible.  The  important  feature  to  be  considered  in 
the  curves,  is  the  general  shape  rather  than  any  absolute  values. 


Fig.  2 

We  have  made  a  great  many  temperature  tests  of  insulations 
to  determine  their  durability ;  also  we  have  made  examinations  of 
a  very  large  number  of  windings  which  have  been  in  service  for 
many  years,  but  for  which  we  had  only  approximate  data  as  to 
temperatures.  Obviously  it  is  impracticable  to  carry  on  an  ac- 
curate life  test  covering  a  long  period  of  years,  so  what  we  did  in 
most  of  our  tests,  was  to  carry  the  temperatures  up  to  such 
points  that  destruction  was  either  reached  or  indicated  in  a 
comparatively  limited  period  of  time. 

In  Fig.  2  curve  A  indicates  approximately  the  durability  of 
class  A  insulations  for  various  temperatures.  This  should  be 
recognized  as  being  approximate,  but  it  is  optimistic  rather  than 
pessimistic. 

Curve  B  applies  to  well  built  class  B  insulations,  as  now  fur- 
nished by  some  of  the  electrical  manufacturing  companies. 
Such  insulations  contain  a  large  percentage  of  heat  resisting 
materials  with  a  comparatively  small  per  cent  of  binding  material 
and  the  insulation  is  applied  so  tightly  that  deterioration  or  de- 
struction of  the  binder  does  not  appreciably  loosen  up  the  true 
insulating  material.  ^^^^^^^  byGoOgk 


1516  TEMPERATURE  DISTRIBUTION  IN'ov.  27 

Considering  curve  A,  taking  105  deg.  cent.,  as  the  ultimate 
temperature  limit  for  long  life  without  undue  deterioration,  then 
with  a  very  slight  increase  in  temperature,  say  to  115  deg.  cent., 
the  life  is  shortened  very  much,  and  at  125  deg.  cent,  such  in- 
sulation is  good  for  only  a  very  few  months  at  the  most.  At 
150  deg.  cent,  it  has  an  exceedingly  short  life. 

Next  considering  curve  B,  our  available  data  indicate  that  for 
over  twelve  months  operation  at  200  deg.  cent.,  the  insulation  is 
in  first  class  shape;  in  fact,  much  better  than  class  A  instdation 
at  110  deg.  cent.,  for  the  same  length  of  time.  At  300  deg. 
cent,  for  six  months,  the  insulation  really  shows  better  than  class 
A  insulation  at  115  deg.  cent,  for  the  same  length  of  time,  and, 
at  400  deg.  cent.,  the  class  B  insulation  for  three  months  is 
better  than  class  A  insulation  at  125  deg.  cent,  for  the  same  length 
of  time.  If  we  now  assume  the  continuous  life  for  the  class  B 
insulation  as  150  deg.  cent.,  then  it  is  seen  that  a  33  per  cent 
increase  in  temperature  for  one  year  is  no  more  harmful  than  a 
5  per  cent  increase  in  temperature  over  the  105  deg.  cent,  for 
class  A  insulations  for  one  year.  Also  a  100  per  cent  increase  in 
temperature  above  its  continuous  limit  for  six  months  is  com- 
parable with  a  10  per  cent  increase  in  temperature  for  class  A 
insulation  for  the  same  period.  For  still  higher  temperatures 
the  percentage  is  far  more  in  favor  of  class  B. 

What  I  want  to  bring  out  in  particular  by  means  of  this  dia- 
gram, is  that  the  factor  of  safety  for  overloads  is  vastly  greater 
for  class  B  than  for  class  A  insulations,  on  the  basis  of  continu- 
ous life  being  taken  as  150  deg.  cent,  and  105  deg.  cent.,  respec- 
tively. Part  of  this  difference  is  inherently  in  the  characteris- 
tics of  the  materials  themselves,  but  no  doubt  part  of  it  is  due 
to  the  fact  that  the  arbitrary  150  deg.  cent,  limit  set  for  properly 
built  class  B  materials  is  considerably  too  low  in  comparison 
with  105  deg.  cent,  for  class  A.  But,  whatever  the  explanation, 
the  difference  is  there. 

In  regard  to  the  very  high  temperatures  for  class  B  insulations, 
such  as  300  deg.  and  400  deg.  cent,  shown  in  curve  B,  attention 
should  be  called  to  the  fact  that  unless  there  is  an  exceedingly 
high  temperature  drop  through  the  insulation  itself,  any  outside 
supporting  layer  or  wrapper  of  fibrous  materials  is  liable  to  be- 
come unduly  heated  and  may  disintegrate.  Therefore,  while  the* 
insulation  proper  might  stand  400  deg.  cent.,  for  instance,  yet  if 
this  was  continued  for  any  considerable  length  of  time,  so  that 
the  outside  supporting  material  became  excessively  heated,  such 
material  would  have  to  be  of  something  else  than  the  usual  treated 
tape  or  fibrous  wrappers.  However,  it  so  happens  that  very 
high  temperatures  are  rarely  attained  in  practise,  except  in  the 
case  of  armature  conductors  buried  in  slots.  In  such  case  the 
surrounding  iron  assists  very  materially  in  cooling  the  finishing 
wrapper  on  the  coils,  unless  the  high  temperature  is  maintained 
for  a  very  considerable  period. 

Some  are  inclined  to  look  askance  at  mica  at  150  deg.  to  200 
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deg.  cent.,  but  it  must  be  remembered  that  in  certain  heating 
apparatus  mica  is  used  up  to  500  deg.  cent,  and,  in  some  cases, 
even  up  to  750  deg.  cent.  Practically  all  micas  will  stand  up 
to  about  600  deg.  cent.,  without  undue  deterioration,  and 
some  grades  will  stand  up  to  1000  deg.  cent.  From  this 
viewpoint,  the  temperature  of  150  deg.  to  200  deg.  cent, 
in  armature  coils  appears  to  be  very  low  and  the  whole 
matter  turns  upon  the  way  such  mica  is  used.  If  the 
percentage  of  mica  in  the  insulation  is  relatively  high  and 
the  mica  is  put  on  so  tightly  that  the  binding  material  can  dis- 
integrate and  loosen  up  and  yet  the  natiu*al  elasticity  or  springi- 
ness of  the  mica  can  hold  the  insulation  tightly  in  place,  then  such 
insulation  can  stand  very  high  temperature  without  injury.  But, 
if  the  mica  is  wound  or  placed  so  loosely  that  this  disintegration 
of  the  binding  or  supporting  material  allows  the  mica  part  to 
loosen  up  materially,  then  the  insulation  qualities  may  still  be 
very  good  from  the  dielectric  standpoint,  but  may  be  in  such 
poor  shape  mechanically  that  vibration  or  shocks  may  shift  it 
or  displace  it  sufficiently  to  injure  it  as  an  insulator.  The  de- 
fect here  is  a  mechanical  one  and  not  in  the  quality  of  the  material 
itself. 

Mr.  Junkersfeld  has  spoken  of  some  of  his  early  experiences 
with  high  temperature,  and  he  mentioned  that  the  data  which 
he  and  his  associates  obtained  have  had  a  marked  influence  in 
leading  the  manufacturers  toward  better  grades  of  insulation. 
This  is  no  doubt  correct,  but  I  wish  to  call  attention  to  the  fact 
that  the  manufacturers  were  also  following  this  matter  inde- 
pendently of  the  operating  companies,  with  the  same  end  in 
view.  For  instance,  the  company  with  which  I  am  associated, 
insulated  the  1894  Niagara  generators  with  mica.  We  did  not 
know  whether  such  insulation  was  required,  but  we  thought  it 
was  good  material  and  so  put  it  on.  Later  tests  showed  that 
this  was  a  very  fortunate  decision,  and  now,  after  twenty  years 
of  operation,  this  insulation  is  still  in  very  good  shape,  although 
subjected  to  very  much  higher  temperatures  than  originally  con- 
templated, 150  deg.  to  200  deg.  cent,  being  not  uncommon  ac- 
cording to  later  tests.*  Also  in  1898  and  1899  the  large  engine- 
type  Manhattan  Railway  generators  had  mica  insulation,  in  the 
form  of  wrappers,  on  the  armature  coils.  Following  this,  mica 
insulation  was  used  for  quite  a  nimiber  of  years,  mostly  on  large 
high-voltage  alternators.  About  1904  we  built  some  large  capac- 
ity 60-cycle  turbo-generators  on  which  we  used  mica  wrappers 
on  the  armature  coils.  In  service,  one  of  these  machines  was 
injured  from  some  mechanical  cause  and  we  had  to  rewind  it. 
One  of  the  fads  about  this  time  was  special  oiled-linen  tape 
ins\ilation,  and  quite  a  pressure  was  brought  to  bear  upon  us  to 
rewind  this  machine  with  such  oiled  tape.  With  this  insulation 
the  armature  broke  down  in  a  comparatively  short  time  (within 
a  few  months,  if  I  remember  rightly).     When  the  coils  were 
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removed,  the  outside  layer  of  insulation  next  to  the  iron  was 
found  to  be  apparently  in  fair  shape,  but  next  to  the  copper  the 
insulation  showed  indications  of  being  excessively  heated;  in 
fact,  it  was  badly  carbonized  in  some  places.  We  then  reinsu- 
lated  with  mica  and  the  machine  was  operated  for  many  years 
without  trouble.  Here  was  a  direct  comparison  between  class  A 
and  class  B  insulations.  I  do  not  know  how  hot  those  coils  ran, 
but,  judging  from  the  appearance  of  the  oiled-tape  insulation, 
it  must  have  been  materially  above  125  deg.  cent.  Here  was  a 
fortunate  instance  where  the  machine  was  first  insulated  with 
mica  tape  and  then  afterwards  insulated  with  fibrous  materials, 
so  that  actual  comparison  was  obtained  with  the  two  materials. 
This  was  ten  to  twelve  years  ago,  so  that  it  cannot  be  said  that 
experience  showing  the  relative  merits  of  these  two  types  of  insu- 
lation is  only  of  recent  date. 

In  the  same  way  similar  experience  was  obtained  with  field 
insulation.  Practically  all  our  early  turbo-generator  fields  were 
insulated  with  fibrous  sheet  materials.  Numerous  instances  oc- 
curred where  such  insulations  deteriorated  so  much  that  re- 
winding was  required.  This  led  to  numerous  tests  for  tempera- 
ture. In  some  of  these  earlier  machines  there  was  evidence  of 
practically  uniform  overheating  throughout  the  whole  winding, 
thus  indicating  practically  uniform  temperature.  In  such  cases 
it  was  comparatively  easy  to  approximate  the  ultimate  temper- 
ature from  readings  of  the  field  currents  and  the  field  volts,  thus 
obtaining  the  increase  in  resistance  and  from  this  the  temperature 
rise.  Such  tests  soon  developed  the  fact  that  temperatures  of 
110  deg.  to  125  deg.  cent,  were  not  uncommon  on  the  earlier 
turbo-fields,  while  with  the  increased  capacities  and  higher 
speeds,  toward  which  we  were  continually  tending,  the  indica- 
tions were  that  still  higher  temperatures  would  be  attained. 
This  led  to  the  development  of  mica  insulation  for  the  field 
windings  of  turbo-generators.  In  1906  and  1907  a  nimiber  of  the 
earlier  hot  fields  were  rewound  with  mica  and  such  fields  have 
been  operating  up  to  the  present  time,  or  until  discarded  in 
favor  of  larger  units.  The  record  with  these  mica  insulated 
fields  has  been  extremely  good.  In  some  of  the  tests  which  we 
made  on  these  earlier  machines  to  determine  the  suitability  of 
mica  for  field  insulation,  we  carried  one  field  up  to  250  deg.  cent, 
for  forty-eight  hours,  and  would  have  continued  the  test  very 
much  longer,  but  the  conduction  of  heat  from  the  core  through 
the  shaft  to  the  bearings  was  sufficient  to  overheat  them.  How- 
ever, at  the  end  of  this  test  the  insulation  was  found  to  be  in 
absolutely  good  condition.  This  was  a  very  mild  test,  in  view 
of  our  later  investigations  on  mica,  but  at  that  time  it  was  con- 
sidered wonderful.  I  am  simply  bringing  up  such  points  to 
indicate  that  mica  has  been  used  quite  extensively  on  turbo- 
generators for  many  years. 

I  was  much  pleased  to  hear  Mr.  Conrad's  remarks  regarding 
the  effects  of  dust  and  dirt  in  limiting  the  ventilation  of  high- 


Digitized  by 


Google 


1916]  DISCUSSION  AT  CHICAGO  1519 

speed  machines,  and  in  turbo-generators  in  particular.  Very  few 
people  have  any  conception,  in  the  case  of  turbo-generators,  as 
to  how  much  air  is  put  through  the  machines.  A  modem  turbo- 
generator puts  through  itself  practically  its  own  weight  of  air 
every  forty  to  sixty  minutes.  If  there  is  a  very  small  per  cent 
of  dust  in  this  air  and  it  lodges  in  the  machine,  it  is  obvious  that 
it  will  not  take  long  to  clog  up  the  ventilating  passages.  How- 
ever, dry  dust  appears  to  go  through  the  machine  with  very 
little  deposit.  Apparently  the  velocity  of  the  air  is  sufficient  to 
keep  the  dust  moving.  But,  if  there  is  a  little  free  moisture  in 
the  air,  or  a  little  oil  in  any  form,  then  such  moisture  or  oil 
lodging  on  the  surfaces  of  the  ventilating  passages  will  collect 
dust  and  eventually  interfere  with  the  ventilation.  Such  inter- 
ference appears  in  two  ways — it  covers  the  heat  dissipating  sur- 
faces with  a  poor  heat  conducting  material,  and  it  also  cuts 
down  the  cross  section  of  the  air  path  and  thus  reduces  the 
amount  of  air  which  can  get  through.  In  one  case  of  a  tiu'bo- 
generator  which  I  examined,  the  inlet  passage  at  the  air  gap 
appeared  to  be  much  smaller  than  when  the  machine  left  the 
factory.  There  appeared  to  be  a  ridge  of  iron  projecting  inside 
the  iron  laminations.  I  tried  to  cut  it  with  -a  knife  and  found  it 
almost  as  hard  as  iron,  but  it  developed  that  it  was  a  mixture 
of  dirt  and  oil  which  had  solidified  at  this  point.  We  had  a 
second  case  of  this  sort  where  a  turbo-rotor  burned  out  after 
about  a  year's  operation.  Upon  dismantling  the  winding  it  was 
discovered  that  the  roasting  was  all  at  one  end  and  that  the 
other  end  was  in  good  condition.  Further  investigations  showed 
that  the  ventilating  passages  at  the  one  end  of  the  machine  were 
almost  completely  clogged  up,  while  at  the  other  end  they  were 
fairly  open.  It  was  then  found  that  a  small  amount  of  oil  had 
leaked  into  the  machine  in  the  form  of  fine  spray  and  this  had 
caused  the  trouble. 

In  modern  machines  this  problem  of  dirt  is  taken  care  of  in 
many  cases  by  air  washers.  The  functions  of  the  washer  is  prin- 
cipally to  remove  dirt,  but  it  does  cool  the  air  a  little,  but  this 
is  of  minor  importance  compared  with  the  other  effect. 

Mr.  Keller  asked  whether  there  is  any  effective  method  of 
measuring  temperature  in  rotating  apparatus  without  shutting 
down.  In  case  of  rotating  fields,  a  pretty  good  idea  can  be  ob- 
tained from  measurements  of  the  field  current  and  voltage  during 
operation,  these  giving  the  increase  in  field  resistance.  This  is 
a  very  good  method  in  those  cases  where  the  temperature  is 
reasonably  uniform  throughout  the  field  winding.  In  turbo- 
generators it  is  apparently  a  fair  approximation.  However,  in 
d-c.  armatures  there  is  no  very  effective  method  of  determining 
temperatiu'e  except  by  the  thermometer.  Thermocouples  can- 
not very  well  be  used  on  rotating  apparatus  due  to  the  necessity 
for  moving  contacts  to  make  connection  with  the  external  indi- 
cating apparatus.  After  a  long  series  of  investigations  we  found 
the  results  so  variable  that  we  gave  up  the  method.     Such  tests,  if 
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successfully  carried  out,  would  require  laboratory  refinements 
which  are  not  usually  possible  in  ordinary  commerical  work. 

F.  D.  Newbury:  Professor  Gray  brought  out  a  number  of 
interesting  points.  I  am  glad  to  know  that  he  agrees  that  the 
maximum  safe  rise  is  the  proper  guarantee,  even  though  he 
questions  whether  engineers  in  general  will  accept  it. 

He  stated  that  he  doubted  whether  the  purchaser  would  buy 
a  high-temperature  generator  if  there  was  the  alternative  of 
purchasing  a  low-temperature  machine  at  the  same  price.  That, 
however,  is  not  the  question.  The  question  we  are  discussing  is 
much  broader  than  that.  It  is  not  the  individual  case  that 
interests  us,  but  whether  in  the  long  run  the  high-temperature 
machine  is  the  more  economical  machine,  the  machine  that 
should  survive.  If  my  opinion  is  correct,  the  high-temperature 
generator  is  the  more  economical  generator  and  will  be  the 
generator  of  the  future. 

Professor  Gray  also  stated  that  he  did  not  think  the  exciter 
voltage  should  be  a  limit  to  rating.  Such  an  easy  thing  to 
overcome  should  not  be  permitted  to  become  a  limit.  That, 
however,  is  begging  the  question.  While  it  is  an  easy  matter  to 
provide  any  desired 'margin  in  exciter  voltage  (although  at  the 
expense  of  increased  exciting  current),  it  is  not  possible  to  provide 
the  heat  dissipating  capacity  in  the  rotor  that  would  be  necessary 
in  order  to  use  the  higher  exciting  voltage.  In  many  stations 
there  is  a  common  exciter  bus  maintained  at  a  definite  voltage. 
In  such  cases,  the  exciter  voltage,  directly,  is  a  limit  to  rating. 

Professor  Gray  also  spoke  of  the  higher  voltage  of  armature 
windings  as  compared  with  windings  on  rotors.  ^  Practically  all 
the  larger  machines,  even  the  13, 000- volt  machines,  have  only 
one  or  two  turns  in  each  armature  coil,  so  that  the  problem  of 
insulating  between  turns  is  not  a  difficult  one. 

Mr.  Foster  brought  up  a  number  of  interesting  points  in  con- 
nection with  generator  design,  to  some  of  which  I  must  take 
exception. 

Mr.  Foster  stated  that  the  use  of  Class  B  insulation  was  not 
justified  in  all  cases.  It  is  justified  in  my  opinion  in  all  the  cases 
that  we  are  now  considering;  that  is,  in  large,  important  ma- 
chines. 

For  the  reasons  brought  out  in  Mr.  Lamme's  discussion,  there 
is  no  margin  of  safety  if  fibrous  insulation  is  used  in  machines 
with  a  temperature  rise  of  only  60  deg.  measured  by  thermo- 
couple. Even  though  the  temperature  rise  is  60  deg.,  it  is  not 
wise  to  use  fibrous  insulation  in  important  machines  where  relia- 
bility is  so  important.  The  difference  in  margin  with  fibrous 
insulation  and  with  mica  insulation  is  very  well  brought  out 
by  the  tests  Mr.  Lamme  mentioned.  We  foimd  it  very  easy  to 
cause  the  cotton,  linen,  or  paper  insulations  to  fail  after  a  few 
weeks*  test  at  150  deg.  In  no  case  were  we  able  to  break  down 
properly  constructed  mica  insulation  with  temperatures  up  to 
400  deg.    In  my  mind  there  is  no  question  that  with  Class  B 
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insulation  subjected  to  150  deg.,  the  margin  of  safety  is  very 
much  greater  than  with  Class  A  insulation  at  105  deg. 

But  this  question  of  safety  at  150  deg.  has  been  discussed 
before  the  Institute  at  a  previous  meeting  and  it  was  quite 
generally  agreed  that  150  degrees  was  safe.  Mr.  Foster  con- 
curred in  this  opinion.* 

Mr.  Foster  correctly  stated  that  mechanical  stresses  limited  the 
amount  of  copper  that  could  be  carried  by  the  rotor,  but  that  no 
such  limitation  existed  in  the  case  of  the  stator.  Consequently, 
according  to  Mr.  Foster's  discussion,  a  very  easy  remedy  for 
high  temperatures  in  the  stator  was  the  use  of  deeper  slots. 
He  also  very  properly  called  attention  to  the  dangers  of  excessive 
eddy-current  losses  in  the  armature  winding  of  these  large  turbo- 
generators. But  to  deepen  the  slots  is  incurring  the  danger  of 
eddy  currents,  and  it  is  very  easy  to  increase  the  loss  by  the 
addition  of  copper  instead  of  decreasing  the  loss.  So  there  is, 
in  my  opinion,  no  remedy  for  high  armature-coil  temperatures 
that  does  not  involve  an  appreciably  larger  generator. 

Professor  Bauer  brought  up  the  interesting  point  that  increas- 
ing the  thickness  of  insulation,  while  it  increases  the  safety  of 
the  machine  by  an  increase  in  dielectric  strength,  decreased  its 
safety  by  increasing  the  temperatures.  It  illustrates  the  point 
that  the  design  of  machines  of  this  class  is  a  series  of  compromises. 
Safety  in  mechanical  stresses  must  be  balanced  against  safety  in 
temperature;  safety  in  insulation  against  safety  in  temperature, 
and  so  on  through  the  list.  Any  advantage  we  can  gain  through 
the  use  of  better  materials  is  an  advantage  in  the  direction  of  a 
more  economical  and  better  machine. 

Mr.  Keller  mentioned  the.  advantage  of  a  long  resistance  coil 
as  a  means  of  measuring  temperature,  as  opposed  to  the  short 
thermocouple.  I  might  explain  that  the  thermocouple  is  merely 
a  welded  junction  of  two  metals,  and  as  constructed  is  a  quarter 
of  an  inch  wide,  (6.35  mm.)  and  the  junction  is  practically  a  line; 
so  that  it  does,  as  nearly  as  any  device  we  know,  measure  the 
temperature  at  a  particular  point.  The  resistance  coil,  on  the 
other  hand,  has  to  be  fairly  long  in  order  to  obtain  a  sufficiently 
high  resistance  in  the  coil  to  make  it  accurate;  and  if  it  is  to 
measiu-e  temperatures  above  100  deg.,  the  adjacent  turns  must  be 
separated,  so  that  with  the  deterioration  of  the  enamel  or  silk 
insulation  on  the  wire,  the  turns  will  not  short-circuit.  Resist- 
ance coils  may  be  anything  from  six  inches  (15.24  cm.)  up  to  a 
couple  of  feet  in  length,  so  that  the  resistance  coil  indicates  the 
average  temperature  through  that  length.  The  thermocouples 
can  be  ruggedly  insulated  with  mica  so  that  they  will  withstand 
any  temperatures  that  the  coil  insulations  will  withstand.  For 
these  reasons,  I  prefer  the  use  of  the  thermocouple,  but,  after 
all,  the  main  thing  is  that  one  or  the  other  be  used,  and  internal 
temperatures  be  determined. 

Mr.  Fowler  made  the  point  that  a  higher  temperature  was 
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allowable  in  the  rotor  than  in  the  stator,  because  the  available 
exciting  voltage  placed  a  limit  upon  the  current  that  could  be 
circulated  in  the  rotor,  while  no  such  limit  existed  in  the  case  of 
the  armature.  The  armature  current,  however,  cannot  be  in- 
creased beyond  the  corresponding  maximum  available  field  cur- 
rent unless  the  armature  voltage  is  allowed  to  fall.  So  that  the 
same  safety  stop  exists  in  the  case  of  the  armature  as  in  the  field, 
unless  the  generator  voltage  is  allowed  to  decrease  in  case  of 
overloads. 
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RUPTURING  CAPACITIES  OF  OIL   CIRCUIT  BREAKERS 


BY   STEPHEN   Q.    HAYES 


Abstract  of  Paper 

This  paper  is  really  a  series  of  more  or  less  disconnected  notes 
dealing  with  the  question  of  rupturing  capacity  of  oil  breakers. 
It  makes  no  attempt  to  go  into  the  theory  of  circuit-breaker 
design,  and  its  main  object  is  to  open  up  a  discussion  regarding 
the  advisability  of  using  the  term  *' Maximum  Safe  Rupturing 
Capacity"  to  describe  the  restdt  obtained  by  the  root-mean- 
square  of  the  maximum  peak  of  the  current  wave  that  occurs  ^hile 
the  breaker  is  opening,  multiplied  by  the  root-mean-square 
of  the  open-circuit  voltage  that  occurs  immediately  after  the 
breaker  opens.  Attention  is  called  to  the  different  ratings  due 
to  use  of  peak  values  and  root-mean-square  values  of  current 
and  voltage. 

It  is  recommended  that  an  oil  switch  or  an  oil  circuit  breaker 
should  be  given  a  rating  on  the  basis  of  maximum  safe  rupturing 
capacity  that  it  can  handle,  and  that  a  breaker  after  opening  a 
short  circuit  up  to  its  rating,  should  be  immediately  reclosable, 
and  able  to  again  open  up  a  similar  short  circuit;  breaker 
should  open  three  successive  short  circuits  before  contacts  need 
be  repaired  or  oil  replaced;  these  short  circuits  may  be  as  close 
as  two  minutes  apart. 


THE  OBJECT  of  this  paper  is  to  suggest  the  proper  basis 
for  the  guarantees  to  be  made  by  manufacturers  of  oil 
circuit  breakers  or  switches  to  enable  the  prospective  user  to 
determine  the  suitability  of  the  breaker  to  the  proposed  ser- 
vice conditions.  This  guarantee  should  be  a  specific  statement 
of  what  the  oil  switch  can  do,  and  should  preferably  be  free 
from  any  assumptions  as  to  reactance  in  circuit,  generator 
characteristics,  use  of  relays  or  similar  features. 

It  is  self  evident  that  oil  circuit  breakers  for  large  power 
systems  must  be  suitable  for  the  service  they  are  to  perform, 
their  ciurent-carrying  parts  must  be  ample,  their  insulation 
good,  and  they  must  be  capable  of  rupturing  any  amount  of 
current  they  may  be  called  upon  to  open.  Such  breakers  should 
not  only  clear  the  circuit,  but  should  be  immediately  reoperative 
without  the  necessity  of  inspection,  adjustment,  or  repair,  al- 
though inspection  is  advisable  at  the  first  suitable  opportunity. 

The  term  ''ultimate  rupturing  capacity,"  as  usually  employed 
by  American  switchgear  manufacturers  has  been  applied  in 
such  a  manner  that  it  really  meant  the  maximtun  size  of  system 
on  which  a  breaker  could  be  safely  used,  and  even  when^Used^^Tp 
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in  this  manner,  it  was  necessary  to  explain  fully,  the  basis  of 
calculation,  and  the  various  assumptions  that  had  been  made. 
This  method  of  rating,  involves  the  momentary  and  sustained 
short-circuit  characteristics  of  the  machines,  the  various  re- 
actances in  the  circuits,  the  speed  of  tripping  of  the  breakers, 
and  other  similar  features. 

It  has  been  standard  practise  to  assume  that  the  breaker  is 
connected  directly  to  the  buses,  and  may  have  to  open  any 
amount  of  ciurent  that  can  be  received  from  that  bus  in  case 
a  short  circuit  of  negligible  impedance  occurs  just  beyond  the 
breaker.  In  most  cases  it  is  the  reactance  of  the  circuit  rather 
than  tl^e  resistance,  that  limits  the  current  flow  at  times  of  short 
circuit,  so  it  is  usual  to  consider  the  reactance  rather  than  the 
impedance  of  the  circuit  in  calculating  current  flows.  For 
cable  systems  or  high-tension  transmission  circuits,  the  capaci- 
tance has  to  be  considered.  All  of  the  generators  and  other 
synchronous  apparatus  connected  to  the  bus,  will  tend  to  feed 
into  the  short  circuit  whatever  current  they  can  deliver  under 
these  conditions,  this  current  as  a  rule,  being  limited  only 
by  the  inherent  reactance  of  the  machines,  and  any  external 
reactance  that  may  exist  between  the  machines  and  the  point 
where  the  short  circuit  occurs. 

Due  to  inertia,  it  is  impossible  to  have  a  breaker  trip  out 
instantaneously,  consequently  no  breaker  is  ever  called  on  to 
open  the  momentary  short-circuit  current  that  occurs  during 
the  first  few  cycles,  but  it  has  to  be  strong  enough  mechanically 
to  resist  the  magnetic  stresses  set  up  during  such  a  short 
circuit.  With  a-c.  coils  energizing  the  mechanism  direct  from 
the  current  transformers,  large  capacity  breakers  can  be  made  to 
open  in  about  0.2  second.  With  the  usual  shunt  trip  relays, 
the  time  of  opening  is  about  0.3  to  0.5  second,  while  with  time- 
limit  relays,  the  opening  can  be  delayed  either  for  some  definite 
{ime,  or  for  a  time  that  varies  inversely  with  the  load.  With  a 
non-automatic  breaker,  the  time  of  opening  is  left  to  the  dis- 
cretion of  the  operator.  As  most  generators  reach  the  condition 
of  continuous  short-circuit  current  in  not  over  0.8  second,  it  is 
figured  that  a  definite  time  limit  of  two  seconds  or  even  less, 
secured  through  a  relay,  is  equivalent  to  non-automatic  service, 
in  so  far  as  rupturing  requirements  are  concerned. 

Whether  a  breaker  is  to  be  used  for  automatic  or  non-automatic 
service,  it  can  only  open  a  certain  fairly  definite  amount  of  power 
at  the  arc.  This  amount  being  fixed,  it  should  be  noted  that 
for  non-automatic  service,  the  size  of  plant  to  deliver  this  would 
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be  determined  by  the  sustained  short-circuit  characteristics  of 
the  generators,  and  other  synchronous  apparatus.  For  auto- 
matic service,  this  same  amount  of  power  could  usually  be 
delivered  by  a  smaller  plant,  as  the  momentary  short-circuit 
current  is  almost  always  higher  than  the  sustained. 

In  order  to  allow  for  certain  of  these  variables  due  to  the 
machine  characteristics,  one  American  manufacturer  gives  ra-^ 
tings  for  his  oil  switches  for  automatic  and  non-automatic  service 
for  two  classes,  A  and  B,  the  latter  being  systems  where  one  or 
more  generators  are  of  the  turbo  type  with  reactances  of  less 
than  8  per  cent  and  the  former  applying  for  all  other  systems. 

This  A  and  B  method  of  rating  based  on  data  published  some 
years  ago  assigned  for  most  of  the  smaller  sizes  of  breakers  about 
25  per  cent  greater  rating  for  the  non- automatic  A  class  than 
the  corresponding  non-automatic  B,  the  automatic  rating  for 
the  A  class  was  usually  about  50  per  cent  of  the  non-automatic 
A  and  the  automatic  B  rating  about  33  per  cent  of  the  non- 
automatic.  On  the  larger  sizes,  however  for  15,000-volt  service, 
one  size  was  rated  70,000-kv-a.  class  A  non-automatic,  56,000- 
kv-a.  class  B  non-automatic,  70,000-kv-a.  class  A  automatic 
and  46,000-kv-a.  class  B  automatic. 

It  would  seem  that  the  automatic  service  would  be  more 
severe  than  the  non-automatic  and  the  breaker  may  be  under 
rated  for  non-automatic  or  over  rated   or  automatic. 

The  class  B  service  is  based  on  using  turbo  generators  of 
8  per  cent  reactance  or  less.  Usually  such  machines  have  a 
lower  sustained  short-circuit  rating  than  water-wheel-driven 
units  of  higher  reactance  than  8  per  cent,  so  that  there  would  be 
less  current  for  a  non-automatic  breaker  to  open  in  a  20,000-kv-a. 
plant  fed  from  turbo  generators,  than  a  similar  plant  fed  from 
water-wheel  generators.  On  this  basis  the  non-automatic  B 
rating  should  be  higher,  not  lower  than  non-automatic  class  A. 

Another  American  manufactiurer  explains  the  ratings  assigned 
by  using  a  standard  assimiption  of  generators  or  other  syn- 
chronous apparatus,  having  an  average  reactance  of  8  per  cent, 
a  momentary  short-circuit  current  of  12  i  times  normal  falling 
to  half  of  this  amount,  or  6J  times  normal  by  the  time  the  break- 
er opens,  and  a  continued  short  circuit  of  one  quarter,  or  three 
times  normal.  With  this  explanation,  it  is  evident  that  a 
breaker  rated  as  having  10,000-kv-a.  rupturing  capacity  should 
be  capable  of  handling  62,500  kv-a.  at  the  short  circuit.  This 
same  breaker  for  non-automatic  service  where  the  machines  , 
are  asstuned  as  delivering  three  times  normal,  could,  therefor^,OglC 
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be  used  on  a  20,000-kv-a.  system,  or  would  have  a  non-automatic 
rating  of  20,000  kv-a. 

This  relative  method  of  rating  automatic  and  non-automatic 
breakers  only  holds  true  for  the  one  set  of  assumptions"  made, 
and  will  be  incorrect  when  applied  to  a  system  fed  from  low- 
reactance  machines  having  a  high  momentary  short-circuit  value 
and  a  low  sustained  short-circuit  value.  The  statement  that 
the  automatic  rating  could  be  multiplied  by  6J  to  determine 
the  amount  of  power  the  breaker  could  rupture  gave  some  real 
data  regarding  the  rupturing  capacity. 

In  comparing  the  nominal  rupturing  capacities,  the  one  line 
of  breakers  was  usually  given  its  class  A  automatic  rating 
while  the  rating  of  the  other  line  was  the  instantaneous  over- 
load rating  practically  corresponding  to  the  class  B  automatic. 

In  systems  of  large  generating  capacity,  where  current  limit- 
ing reactors  are  used,  or  where  the  reactance  of  transformers 
and  lines  may  limit  the  current  flow  on  short  circuit  to  a  point 
well  within  the  capacity  of  the  system  to  supply  continuously, 
it  will  be  found  that  the  breakers  provided  with  time-limit 
relays,  or  used  for  non-automatic  service,  have  as  severe  rup- 
turing conditions  to  meet  as  those  used  for  automatic  service. 

These  methods  of  rating  are  not  directly  applicable  in  all 
cases,  and  are  open  to  many  objections,  and  do  not  readily 
take  into  account  certain  features  that  really  are  vital  in  deter- 
mining the  adaptability  of  breakers  to  specific  service.  The  rate 
at  which  the  short-circuit  current  of  a  generator  dies  down 
varies  with  its  design,  so  that  the  short-circuit  current  of  a  genera- 
tor may  die  down  from  the  initial  rush  to  the  continuous  short- 
circuit  value  in  a  period  of  time  ranging  from  0.2  to  0.8  second. 
The  initial  wave  may  be  as  high  as  20  times  normal,  and  the 
continuous  short-circuit  value  may  be  as  low  as  1.4  times  normal. 

In  case  of  an  unsymmetrical  wave,  experience  seems  to  show 
that  the  strain  of  opening  does  not  differ  appreciably  from  that 
produced  by  a  symmetrical  one.  A  current  wave  ranging  from 
a  positive  maximum  of  10,000  amperes  to  a  negative  one  of 
2000  amperes  can  be  taken  care  of  as  readily  as  one  ranging 
from  plus  6000  to  minus  6000.  This  may  be  due  to  the  longer 
time  required  for  the  arc  to  reestablish  itself  in  the  case  of  the 
unsymmetrical  wave  where  the  negative  maximum  is  small. 
By  the  time  the  breaker  actually  opens  the  circuit,  the  amount 
of  assymmetry  has  greatly  diminished  from  that  experienced 
during  the  first  few  cycles. 

As  most  power  circuits  are  three  phase,  the  rupturing  capac- 
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ities  assigned  to  circuit  breakers  are  those  applying  to  three- 
pole  breakers  on  that  service.  The  corresponding  rating  for 
two-pole  breakers  on  a  single-phase  circuit  is  70  to  75  per  cent 
and  the  rating  of  a  four-pole  breaker  on  a  two-phase  circuit  is 
considered  140  to  150  per  cent  of  the  corresponding  three-phase 
rating. 

Under  some  certain  conditions,  smaller  switches  could  be 
used,  for  instance,  in  substations  where  limited  transformer 
capacity  is  installed  between  the  oil  circuit  breaker,  and  the 
line,  or  on  substation  feeders  where  a  breaker  of  higher  capacity 
is  interposed  between  the  breaker  in  question,  and  the  substation 
bus. 

When  considering  switches  for  connection  to  buses  fed  from 
the  generator  units  of  motor-generator  sets,  the  capacity  of 
the  system  supplying  energy  to  the  motor-generator  set,  need 
not  be  considered.  In  such  cases,  the  sum  of  the  rated  capacity 
of  the  generator  units,  on  the  motor  generator  sets  should  come 
within  the  limits  assigned  to  the  breakers. 

The  kv-a.  ratings  usually  assigned  to  breakers  are  based  on 
the  listed  voltage  rating  of  such  breakers,  and  any  change  in 
operating  voltage  from  the  listed  voltage  rating  will  usually 
change  the  kv-a.  rating  in  about  the  same  percentage,  that  is, 
an  increase  or  decrease  in  voltage  of  20  per  cent  would  decrease 
or  increase  the  kv-a.  rating  by  the  same  amount. 

While  this  percentage  rule  is  not  strictly  adhered  to,  a  typical 
example  might  be  noted  of  a  certain  moderate  capacity  breaker 
designed  for  22,000- volt  service  with  a  nominal  rupturing  capac- 
ity, assigned  by  its  builders,  of  10,000  kv-a.  at  22,000  volts, 
12,000  kv-a.  at  16,500,  13,000  at  13,200,  17,000  at  7500and  19,000 
at  4500  volts  or  less. 

On  the  assumption,  more  or  less  justified,  that  the  strength 
of  the  breaker  tops,  insulators  and  fittings  have  been  properly 
proportioned  to  the  tank  strength  and  that  the  speed  of  opening 
is  satisfactory  the  rupturing  capacity  of  an  oil  breaker  may  be 
considered  as  a  function  of  the  tank  dimensions. 

When  a  breaker  has  been  installed,  it  should  be  remembered 
that  with  increase  in  capacity  of  system,  failure  to  maintain 
breakers  either  as  regards  mechanism  or  insulation,  changes  in 
reactance,  changes  in  method  of  operation  and  defective  relays 
may  so  change  the  duty  on  a  breaker  as  to  lead  to  its  destruction. 

Almost  all  of  the  oil  switches  and  oil  circuit  breakers  now  in 
service,  are  operating  satisfactorily,  but  it  is  realized  that  they 
are  far  from  perfect,  and  it  is  possible  that  some  of  [^b|pze^^^°@^OQlc 
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cial  breakers  being  sold,  are  over  rated.  By  having  some  defi- 
nite rating  in  kv-a.  to  work  to,  breakers  of  the  smaller  sizes 
could  be  tested  to  see  that  they  actually  met  their  guarantee. 

In  order  to  simplify  this  question  of  breaker  rating,  it  is  pro- 
posed to  use  '^maximum  safe  rupturing  capacity,"  or  some 
similar  term  to  describe  the  result  obtained  by  the  root-mean- 
square  of  the  maximum  peak  of  the  current  wave  that  occurs 
while  the  breaker  is  opening,  multiplied  by  the  root-mean- 
square  of  the  open-circuit  voltage  that  occurs  immediately 
after  the  breaker  opens. 

All  modem  transmission  systems  employ  generating  apparatus 
giving  essentially  a  sine  wave  for  current  and  voltage,  which 
sine  wave  has  a  ratio  of  peak  value  to  root-mean-square  value 
of  1.4  to  1.  A  breaker  capable  of  rupturing  10,000  amperes 
maximum  value  at  10,000  volts  maximum  value,  if  rated  on  the 
root-mean-square  basis,  would  be  considered  capable  of  handling 
7100  amperes  at  7100  volts,  or  would  be  given  a  rating  of  50,000 
kv-a.  If  the  peak  value  of  the  current,  or  10,000  amperes,  is 
used  with  the  root-mean-square  value  of  the  voltage,  or  7100 
volts,  the  rating  would  be  71,000  kv-a.  If  the  peak  value  of  the 
current,  or  10,000  amperes,  is  used  with  the  peak  value  of  the 
voltage,  or  10,000  volts,  the  rating  would  be  100,000  kv-a.  All 
of  these  ratings  would  cover  the  same  duty  to  be  performed, 
but  as  all  power  measurements  are  regularly  based  on  the  root- 
mean-square  values  of  current  and  voltage,  this  is  undoubtedly 
the  logical  basis  for  circuit -breaker  rating. 

The  kv-a.  rating  obtained  as  above  is  that  which  this  breaker 
should  be  guaranteed  to  open,  the  breaker  being  immediately 
reoperative,  without  the  necessity  of  replacement  of  oil  or 
adjustment  of  contacts.  It  might  be  well  to  fix  this  rating  at 
such  a  point  that  the  breaker  could  be  guaranteed  to  open  this 
amount  at  least  twice,  and  to  be  immediately  reclosable,  and  in 
condition  to  open  the  same  circuit  kv-a.  the  third  time. 

In  a-c.  railway  work,  and  similar  installations  where  repeated 
short  circuits  are  apt  to  occur,  the  breaker  should  be  capable 
of  opening  such  a  short  circuit  at  least  ten  times  within  the  course 
of  an  hour;  such  short  circuits  not  occiuing  closer  together 
than  two  minutes  to  allow  time  for  the  gases  that  may  be  formed 
due  to  the  short  circuit  to  be  properly  vented  from  the  breaker 
before  a  second  short  circuit  occiurs. 

It  might  be  pointed  out  that  there  is  a  difference  between 
rating  a  circuit  breaker  in  terms  of  the  maximum  kv-a.  which 
it  can  open,  and  in  terms  of  the  maximiujji  .^<^|y^ent  which  it 
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can  open.  On  certain  systems  with  the  machines  of  certain 
characteristics,  heavy  short-circuit  currents  are  usually  accom- 
panied by  reduced  voltages  and  this  point  has  to  be  given  care- 
ful consideration.  After  opening  a  very  heavy  short  circuit, 
thus  relieving  the  system,  the  voltage  frequently  has  a  tendency 
to  rise  immediately  to  a  point  somewhat  greater  than  normal, 
and  this  point  should  also  be  considered  in  the  rating  of  the 
breaker;  in  other  words,  while  a  certain  breaker  might  be  able  to 
open  10,000  amperes  successfully  where  the  circuit  voltage  im- 
mediately after  the  short  circuit  only  went  back  to  normal, 
it  might  not  be  able  to  function  satisfactorily  if  the  open-circuit 
voltage  went  up  to  points  considerably  above  normal. 

It  is  realized  that  it  will  be  extremely  difficult  for  an  engineer 
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Fig.  1 — 60-Cycle,  Three-Phase  Short  Circuit — 142,620  Kv-a. 
Synchronous  Connected  Load 


to  determine  in  advance  exactly  how  heavy  a  short  circuit  it 
is  possible  to  get  at  a  given  point  on  a  transmission  system, 
but  from  the  view  point  of  the  manufacturer,  it  is  simpler  and 
better  for  him  to  make  a  definite  guarantee  as  to  just  what 
service  his  breaker  can  accomplish,  allowing  the  operating  or 
designing  engineer  to  determine  whether  such  a  breaker  will 
meet  the  actual  short-circuit  conditions  that  may  occur  on  any 
point  of  his  system. 

It  is  a  well  known  fact  that  formerly  the  opportunities  of  testing 
the  actual  rupturing  capacities  of  the  largest  capacity  oil  switches 
and  breakers  were  almost  nil  and  that  the  capacities  assigned  were 
really  intelligent  estimates  based  on  the  testing  to  destruction 
of  small  units  and  calculation  as  to  the  increase  in  rupturing 
capacity  secured  by  greater  volume  of  oil,  greater  head  Q^'^^i-.r^Tp 
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increase  in  strength  of  tanks,  extra  volume  of  expansion  chamber 
and  similar  features,  while  this  is  still  true  in  certain  cases  a  large 
amount  of  valuable  data  have  been  collected  in  the  last  few  years. 

Among  the  more  important  tests  on  the  rupturing  capacity 
of  oil  circuit  breakers  may  be  mentioned  those  described  in  the 
papers  presented  in  June  1911  before  the  Annual  Convention  of 
the  A.  I.  E.  E.  in  Chicago,  by  Messrs.  Schweitzer  and  Schuchardt 
and  Mr.  E.  B.  Merriam.  These  were  made  on  a  12,000-kv-a., 
9000-volt,  25-cycle  turbo  generator  of  the  Commonwealth 
Edison  Co. 

In  February  1910  tests  were  made  at  the  Long  Island  City 
power  house  of  the  Pennsylvania  R.  R.  with  two  6500-kv-a., 
11, 000- volt,  25-cycle  turbo  generators. 

During  1910-1911  tests  were  made  at  the  Cos  Cob  power 
house  of  the  N.  Y.,  N.  H.  and  H.  R.  R.  using  11,000-volt  machines 
totalling  16,000  kv-a. 

In  the  latter  part  of  1911  a  series  of  tests  under  various  con- 
ditions was  made  at  the  Hydraulic  Power  Co.  plant  at  Niagara 
Falls  where  four  7500-kw.,  12,000- volt  machines  were  short- 
circuited.  These  were  fully  described  by  Mr.  J.  N.  Mahoney  in 
the  Electric  Journal  September  1912. 

A  recent  test  shown  on  oscillogram,  Fig.  1  was  made  with  a 
total  of  142,620  kv-a.  in  synchronous  apparatus  connected  to 
60-cycle  24,500-volt  bus  bars. 

In  this  test  there  were  successfully  interrupted  short  circuits 
having  a  peak  value  of  950,000  kv-a.  and  root-mean-square 
value  of  475,000  kv-a.  at  the  time  the  contacts  opened,  both 
symmetrical  values  at  24,500  volts,  representing  the  largest 
amount  of  power  ever  used  on  such  a  test.  The  unsymmetrical 
value  of  the  initial  wave  of  the  short  circuit  was  50  per  cent 
greater  representing  1,425,000  kv-a.  As  shown  by  the  oscillo- 
gram the  short  circuit  continued  for  six  cycles  on  a  60-cycle 
circuit  before  the  circuit-breaker  contacts  parted  and  continued 
for  three  cycles  through  the  arc.  This  breaker  used  the  same 
oil  and  same  arcing  tips  for  all  the  tests.  The  only  external 
effect  was  a  small  amount  of  oil  forced  out  through  a  defective 
joint  between  the  tanks  and  frame. 

Other  tests  at  various  voltages  have  been  made  as  the  basis 
of  circuit-breaker  ratings,  and  although  these  have  not  been 
published  the  manufacturers  guarantees  are  usually  based  on 
real  data  and  can  be  accepted  by  operators  as  being  fairly 
conservative. 
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RATING  OF  OIL  CIRCUIT  BREAKERS 


BY    E.    M.    HEWLETT 


Abstract  of  Paper 
Paper  points  out  several  difficulties,  which  are  encountered 
in  the  rating  of  actual  circuit  breakers,  but  generally  favors  that 
these  ratings  be  on  the  basis  of  the  current  to  be  opened  in  the 
arc  at  the  operating  voltage  of  the  system. 


'  I  'HE  VARIABLE  factors  entering  into  the  problem  of  rating 
•''      oil  circuit  breakers  make  its  solution  very  difficult. 

Up  to  certain  capacities  it  has  been  possible  to  determine 
definitely  what  oil  circuit  breakers  will  open.  The  experience 
of  many  years,  during  which  oil  circuit  breakers  grew  from  a  few 
thousand  volts  for  a  few  kilowatts  station  capacity,  to  10,000 
volts,  40,000  volts  and  higher  voltages,  for  many  thousand 
kilowatts  station  capacity,  coupled  with  the  facility  of  testing 
various  designs  under  actual  emergency  conditions,  has  crystal- 
ized  the  requirements  of  circuit  breakers  of  this  kind  and  the 
constructive  features  of  commercial  design. 

However,  the  capacity  of  stations  is  always  growing,  the  forces 
dealt  with  are  ever  increasing,  and  consequently,  new  types  of 
circuit  breakers  must  be  constantly  developed,  ratings  of  which 
cannot  be  based  on  actual  past  service.  To  test  such  circuit 
breakers  systematically  would  be  beyond  the  scope  of  any  test- 
ing units  at  the  disposal  of  any  manufacturing  company  and 
would  require  the  use  of  power  stations  of  enormously  high 
capacity. 

The  possibility  of  utilizing  such  power  stations  for  the  testing 
of  circuit  breakers  is  very  limited,  as  in  order  to  carry  their 
connected  load  the  big  operating  companies  must  generally  have 
constant  and  instantaneous  control  of  all  their  apparatus. 

Thus,  new  designs  of  high-duty  circuit  breakers  must,  for  the 
present,  be  rated  mainly  upon  judgment  based  on  past  broad 
experience.  For  the  engineer,  the  ideal  way  of  rating  circuit 
breakers  is  on  the  basis  of  the  current  which  is  actually  opened 
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in  the  arc  at  the  operating  voltage  of  the  system,  as  in  the  present 
A.  I.  E.  E.  ruling.  (This  current  in  the  arc  is  not  the  peak  value 
of  the  short-circuit  current  curve,  but  is  that  value  which  prevails 
at  the  moment  when  the  circuit  breaker  opens,  at  the  point 
where  it  is  installed.)  However,  in  a  rational  design  of  circuit 
breaker,  other  factors  must  be  considered  besides  current  to  be 
ruptured,  primarily  the  power  factor  at  the  time  of  the  event 
and  the  voltage  regulation  of  the  system.  In  the  smaller  capac- 
ities, these  factors  could  be  disregarded,  as  with  them  it  has 
always  been  possible  to  allow  very  liberal  safety  factors  without 
sacrificing  reasonable  proportions.  We  are  therefore  rating  at 
the  present  time  oil  circuit  breakers  by  arc  current  and  system 
voltage  up  to  certain  capacities.  As  the  capacities  of  the  system 
and  circuit  breakers  increase,  as  spacings  and  clearances  become 
important  design  factors,  and  as  materials  employed  in  the  con- 
struction of  the  circuit  breakers  must  be  used  more  nearly  to 
their  limits,  it  becomes  necessary  to  take  all  conditions  into 
account. 

Oil  circuit  breakers  for  small  stations  and  industrial  service 
are  often  used  by  men  who  should  not  be  called  upon  to  figure 
the  current  and  voltage  values,  which  is  necessary  for  selecting 
the  proper  type  circuit  breaker  for  their  service. 

For  these  conditions  the  kilowatt  rating  is  most  convenient, 
i.e.  the  total  generating  capacity  of  the  system,  or  its  equivalent, 
at  the  point  of  disturbance.  Generally  the  kilowatt  rating  is 
based  on  the  assumption,  that  the  disturbance  takes  place  so 
close  to  the  generating  apparatus,  that  reactance  and  resistance 
of  connections  between  generating  apparatus  and  the  place  of 
disturbance  need  not  be  considered.  A  certain  initial  reactance 
of  the  generating  apparatus  and  a  certain  diminution  factor  of 
the  current  started  by  the  disturbance,  dependent  on  the  time 
required  by  the  circuit  breaker  to  open  the  circuit  after  the  dis- 
turbance has  started,  are  assumed. 

If  the  oil  circuit  breaker  is  located  at  some  other  point  in  the 
system  with  considerable  line  or  transformer  impedance  between 
the  generating  apparatus  and  circuit  breaker,  allowance  must  be 
made  for  the  current-limiting  effect  of  this  additional  impedance. 
Instead  of  the  generated  kilowatt  capacity,  an  equivalent  kilo- 
watt capacity  must  be  used,  which  refers  to  the  actual  location  of 
the  circuit  breaker  in  the  system  and  is  lower  than  generated 
kilowatt  capacity,  by  an  amount  dependent  on  the  character- 
istics of  the  intervening  conductors  and  circuits. 
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The  physical  dimensions  of  the  conducting  copper  parts  of  the 
circuit  breaker  should  always  carefully  be  considered.  Conduct- 
ing parts  must  be  of  sufficient  size  to  carry  the  rated  current 
indefinitely  without  objectionable  temperature  rise,  also  be  large 
and  strong  enough  for  the  maximum  current  rushes  between  the 
instant  of  short  circuit  and  the  time  of  opening  of  the  circuit. 

The  use  of  current-limiting  reactors,  or  reactances  in  trans- 
formers and  machines  in  connection  with  systems  is  increasing. 
The  reactor  may  be  in  circuit  permanently  or  only  when  the 
breaker  is  opening.  Various  means  have  been  developed  to  in- 
sert reactors  or  resistance  into  the  circuit  as  the  circuit  breaker 
opens.  While  such  arrangements  reduce  the  current  which  the 
circuit  breaker  opens,  they  cannot  act  quickly  enough  to  reduce 
the  instantaneous  maximum  current  and  the  shock  on  the  system 
which  is  the  real  point  to  be  considered. 

Finally,  one  man  will  require  the  <  ircuit  breaker  to  open  the 
most  severe  short  circuits  without  the  slightest  indication  of  dis- 
tress. Another  man  may  be  well  pleased  if  the  circuit  breaker 
protects  his  more  costly  machinery,  even  if  the  circuit  breaker 
itself  is  destroyed  in  doing  so.  Some  one  else  may  expect  the 
circuit  breaker  to  open  two  or  possibly  three  times  without 
requiring  inspection  or  repair. 

It  is  thus  evident  that  there  is  a  wide  range  of  opinion  as  to 
what  constitutes  satisfactory  operation;  but  as  experience  and 
information  accumulates,  this  situation  will  gradually  improve 
and  we  will  approach  closer  to,  and  it  is  hoped  will  ultimately 
reach,  the  solution  of  the  problem. 

To  sum  up — I  am  in  favor  of  rating  circuit  breakers  on  the 
basis  of  current  in  the  arc  and  operating  voltage  of  the  system. 
The  term  "current  in  the  arc**  implies,  that  in  defining  its  value 
all  factors  have  been  considered,  which  are  necessary  to  deter- 
mine the  actual  work  to  be  performed  at  the  time  when,  and  at 
the  place  where,  the  current  is  interrupted. 

I  am  not  in  favor  of  giving  ratings  to  circuit  breakers,  in  tran- 
sient peak  values  which  do  not  exist  at  the  time  of  opening  the 
circuit 
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Discussion  on  "Rupturing  Capacities  op  Oil  Circuit 
Brbakers"  (Hayes),  and  "Rating  of  Oil  Circuit 
Breakers"  (Hewlett),  Boston,  Mass.,  Decembers,  1916. 

Chester  Lichtenberg:  The  standardization  of  the  rating  of 
the  interrupting  capacity  of  an  oil  circuit  breaker  is  fast  becoming 
an  economic  necessity.  Manufacturing  companies  have  a  wide 
variety  of  product  to  offer  but  operating  companies  have  diflS- 
culty  in  choosing  suitable  devices  therefrom,  because  the  duty 
which  they  will  perform  is  not  published  in  standard  form. 
Consequently,  the  rating  suggestions  made  by  Messrs.  Hayes 
and  Hewlett  are  timely  and  should  encourage  engineers  to  sub- 
mit their  ideas  on  this  important  topic  in  order  that  their  knowl- 
edge may  be  utilized  in  arriving  at  suitable  standards. 

It  seems  desirable  to  rate  circuit  breakers  on  the  basis  of  the 
cvurent  in  the  circuit  dtiring  the  time  the  arc  persists  in  the 
breaker.  There  is,  however,  some  question  regarding  the  value 
of  this  current.  It  is  described  by  Mr.  Hayes  as  "the  maximum 
peak  of  the  current  wave  that  occurs  while  the  breaker  is  open- 
ing." It  is  defined  by  Mr.  Hewlett  as  "that  value  which  prevails 
at  the  moment  when  the  circuit  breaker  opens."  Neither  of 
these  seems  quite  clear  nor  comprehensive  and  in  place  thereof, 
it  is  suggested  that,  "the  average  of  the  r.m.s.  values  of  the 
current  peaks  on  the  transient  side  of  the  true  zero  line  as 
measured  by  an  oscillograph,  during  the  time  that  the  arc  per- 
sists," be  taken  as  the  current  interrupted  by  the  breaker,  when 
interpreting  test  results. 

Another  question  in  considering  the  interrupting  capacity  of  an 
oil  circuit  breaker  is  the  pressure  voltage  of  the  circuit.  Mr.  Hayes 
proposes  to  use  "the  r.m.s.  of  the  open-circuit  voltage  that  occtu^ 
immediately  after  the  breaker  opens. "  This  suggestion  has  much 
to  commend  it  but  unfortunately  if  it  is  adopted  it  may  further 
complicate  the  rating,  on  account  of  the  pressure  variations  which 
systems  may  exhibit.  Mr.  Hayes  has  mentioned  some  of  these. 
Besides,  during  ordinary  switching  conditions,  the  circuit  pressure 
may  rise  momentarily  to  about  three  times  normal,  and  imder 
unusual  conditions,  it  may  rise  as  high  as  seven  times  normal 
just  after  the  breaker  clears  the  circuit.  It  is  quite  important, 
therefore,  that  if  the  breaker  rating  is  to  be  separated  from  its 
application,  a  value  of  the  pressure  should  be  adopted  which  is 
independent  of  system  characteristics. 

The  calculation  of  the  interrupting  capacity  of  a  breaker 
at  pressures  other  than  those  for  which  tests  are  available, 
presents  a  difficult  problem.  One  rule  states  that  any 
change  in  the  operating  pressure  from  the  listed  presstu'e  ratings 
will  usually  change  the  kv-a.  rating  in  about  the  same  percentage. 
An  example  of  this  method  is  given  by  Mr.  Hayes.  The  data 
have  been  rearranged  in  Table  No.  1  and  there  has  been  added 
the  maximum  safe  rupturing  capacity  of  the  breaker  and  the 
interrupting  capacity  of  the  breaker  in  amperes,  both  calculated 
as  outlined  in  the  Hayes  paper. 
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TABLE  No.  1 


Rated  pressure 

Operating 
pressure 

Nominal 
rupturing 
capacity 

Maximum  safe 
rupturing 
capacity 

Interrupt- 
ing capacity  at 
operating  pressure 

Volts 

Volts 

Kv-a. 

Kv^. 

22.000 
22,000 
22.000 
22.000 
22.000 

22.000 

16.500 

13.200 

7,500 

4.500 

10.000 
12.000 
13,000 
17.000 
19.000 

62.500 

75.000 

81.250 

106.000 

118.750 

1.700 
2.600 
3.600 
8.200 
15.000 

An  examination  of  the  last  column  of  this  table  indicates  that, 
while  current  ratings  at  13,200  volts  and  above  are  logical,  those 
at  7500  volts  and  4500  volts  seem  too  high.  Here  it  is  obvious 
that  the  formula  only  holds  to  about  50  per  cent  of  the  maxi- 
mum pressure  listed.  Consequently,  in  adopting  rating  stand- 
ards, it  will  be  necessary  to  consider  the  limitations  through 
which  the  formulas  will  apply. 

In  considering  the  interrupting  capacity  of  an  oil  circuit 
breaker,  it  is  necessary  to  remember  the  duty  to  be  performed 
by  the  device.  It  is  called  upon  to  open  an  electrical  circuit 
which  at  any  given  instant  has  a  definite  amount  of  energy 
stored  in  the  mediiun  surrounding  it.  The  process  of  opening 
the  circuit  causes  a  change  in  the  energy  storage.  Under 
the  usual  a-c.  circuit  conditions,  a  portion  of  the  stored 
energy  must  be  dissipated  when  the  breaker  is  opened,  the  dis- 
sipation taking  place  partly  in  the  breaker  and  partly  in  the  resist- 
ance of  the  electrical  circuit.  Besides,  account  must  be  taken 
of  the  energy  stored  in  the  rotating  parts  of  synchronous  machines 
connected  to  the  circuit,  and  the  energy  supplied  by  the  prime 
movers  during  the  circuit  interruption. 

The  usual  method  of  rating  oil  circuit  breakers,  as  well  as  those 
proposed,  take  into  account  only  the  steady  current  conditions 
of  the  circuit.  They  usually  consider  its  normal  pressure  or 
sometimes  the  pressure  just  after  the  circuit  is  opened,  and  the 
current  flowing  through  the  breaker.  These  factors,  however, 
do  not  completely  account  for  the  energy  to  be  dissipated  by 
the  breaker.  It  is,  therefore,  necessary,  in  addition,  to  consider 
the  condition  of  the  circuit  immediately  preceding  an  attempt  to 
to  open  it  and  the  power  factor  of  the  circuit  during  the  attempt. 
In  other  words,  any  definition  of  the  duty  to  be  performed  by 
an  oil  circuit  breaker  or  the  rating  of  its  interrupting  capac- 
ity should  include  a  statement  of  the  power  factor  on  which 
the  rating  is  based,  the  point  of  the  current  wave  at  which  the 
arc  is  started,  and  other  essential  factors.  The  worst  conditions 
of  power  factor  and  point  of  the  current  wave  at  which  the  arc 
is  started  should  always  be  understood  or  defined. 
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N.  L.  PoUard:  In  my  opinion  confusion  will  be  avoided  if  all 
circuit  breakers  are  given  either  a  kv-a.  or  ampere-volt  rating. 

Mr.  Hewlett  stated  that  it  might  be  necessary  to  rate  a  certain 
capacity  of  breaker,  used  a  great  deal  in  factories,  in  kilowatts, 
as  this  method  of  rating  would  be  better  understood  by  the 
users.  If  this  is  done,  it  may  simplify  matters  for  a  certain  class 
of  users,  but  it  certainly  will  complicate  them  for  all  others. 
Any  purchaser  knows  the  voltage  of  his  system  and  what  load 
in  amperes  he  expects  to  carry,  therefore  he  should  have  no  diffi- 
culty in  choosing  the  proper  breaker.  In  case  he  is  not  satisfied 
with  his  own  judgment,  he  should  get  in  touch  with  some  engi- 
neer who  is  competent  to  advise  him. 

I  have  known  of  cases  where  the  manufactiu-er  of  breakers 
was  advised  by  the  purchaser  that  his  load  was  such  that  he 
never  would  have  more  than  a  certain  generator  capacity  con- 
nected to  his  lines  at  any  time,  and  the  manufacturer  recommend- 
ed a  breaker  which  in  his  opinion  would  be  adapted  for  the 
service.  Some  time  later  additional  generator  capacity  was  in- 
stalled and  several  of  the  breakers  failed.  Cases  like  this  will 
always  exist  unless  all  users  of  breakers  become  competent 
engineers. 

In  regard  to  just  what  a  breaker  should  do,  the  question  has 
been  raised  as  to  whether  it  should  rupture  the  circuit  only  once 
or  several  times,  with  or  without  putting  itself  out  of  commis- 
sion. There  are  not  many  central  station  men  who  care  to  see 
their  station  walls  and  floor  splashed  with  oil  or  have  the  switch 
disabled  to  the  extent  that  it  becomes  necessary  to  put  the 
feeder  out  of  service  while  repairs  to  the  switch  are  being  made. 

In  trying  to  analyze  the  proper  ruptiu^ing  capacity  of  a  breaker, 
we  come  back  to  the  question  as  to  what  is  meant  by  "distress". 
It  might  be  considered  to  be  in  distress  when  a  small  quantity 
of  oil  is  thrown  out  or  the  contacts  are  slightly  burned.  These 
indications  would  show  that  the  limit  of  its  capacity  had  about 
been  reached. 

The  capacity  of  the  breaker  should  be  great  enough  to  rup- 
ture the  circuit  at  least  three  times  without  any  appreciable 
quantity  of  oil  being  thrown  out  and  without  any  damage  to  the 
switch. 

George  A.  Bumham:  The  Standards  Committee  on  Switch- 
ing Equipment  had  hoped  at  this  meeting  to  remove  one  of  the 
apparent  obstacles  in  our  way,  namely,  that  of  determining  a 
satisfactory  method  of  rating  the  rupturing  capacity  of  oil 
switches  and  circuit  breakers. 

From  the  manufactiu-er*s  standpoint,  it  is  evident  that  we  are 
really  getting  closer  to  a  common  basis  or  rating. 

Both  Mr.  Hayes  and  Mr,  Hewlett  are,  evidently,  in  accord  as 
to  the  method  of  rating  circuit  breakers,  and  this  method,  if  I 
interpret  it  correctly,  is  exactly  in  accord  with  the  method  of 
ratinp  oil  circuit  breakers  which  I  presented  to  the  Institute  at 
the  mid- winter  convention  in  1913. 
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The  next  important  matter,  it  seems  to  me,  is  to  select  the 
proper  terms  to  express  the  method.  I  do  not,  however,  believe 
that  it  is  for  the  best  interests  of  all  to  include  the  word  **arc" 
in  the  phrase  which  is  to  express  the  rupturing  capacity  of  the 
switch  or  circuit  breaker,  for  the  reason  that  if  we  speak  of  the 
amperes  at  the  arc  it  may  lead  one  to  believe  that  we  are  talking 
about  the  potential  at  the  arc  as  well.  Neither  do  I  believe 
that  we  should  speak  of  the  voltage  immediately  after  or  during 
the  time  that  circuit  interruption  takes  place.  For  instance, 
suppose  that  we  have  a  circuit  breaker  that  is  to  interrupt  a 
specific  amount  of  current  and  that  the  working  voltage  of  the 
circuit  to  which  it  is  connected  is  15,000  volts.  Assume  that  at 
the  instant  the  contacts  part  the  voltage  on  the  particular 
branch  of  the  system  which  was  short-circuited  was  caused  to 
drop  to  13,000  volts  at  the  terminal  of  the  circuit  breaker.  Now, 
how  shall  we  rate  the  circuit  breaker  with  reference  to  rupturing 
capacity,  on  13,000  volts  or  on  15,000  volts?  It  is  apparent 
that  there  is  a  possibility  for  a  misunderstanding,  which  I  do  not 
believe  should  exist. 

We  all  realize  that  the  power  factor  as  well  as  unsym- 
metrical  current  wave  form,  surges,  etc.,  affect  the  rupturing 
capacity  of  the  circuit  breaker,  but  I  do  believe  it  would  lead 
to  needless  confusion  in  bringing  all  these  factors  into  considera- 
tion by  attempting  to  express  the  duty  of  the  circuit  breaker 
under  the  average  working  condition. 

It  appears  to  me  that  the  method  of  expressing  rupturing 
capacity  of  a  circuit  breaker  which  is  at  the  present  time  incor- 
porated in  the  Standardization  Rules  is  very  clear  and  definite, 
in  that  it  states  amperes  per  phase  at  normal  working  voltage. 

Mr.  Hayes  has  very  aptly  put  the  question  before  us  when  he 
says  it  is  a  question  of  viewpoint.  We  know  that  at  the  present 
time  we  cannot  say  exactly  what  the  switch  will  do  under  all 
possible  conditions,  but  we  can  say  that  a  circuit  breaker  is 
guaranteed  to  open,  say,  6000  amperes  at  2500  volts,  based  on 
actual  test  experience,  and  be  assiu-ed  that  it  will  perform,  its 
function  properly  unless  it  is  working  under  very  special  con- 
ditions. 

There  seems  to  be  a  difference  of  opinion  as  to  what  constitutes 
failiu-e  in  an  oil  circuit  breaker.  I,  personally,  believe  that  a 
circuit  breaker  should  be  capable  of  going  back  into  service 
after  it  has  performed  its  function  under  its  guaranteed  limit. 
The  question  as  to  the  number  of  times  is  worthy  of  consideration. 

There  is  no  reason  but  what  more  simple  and  direct  terms  may 
be  used  to  express  what  we  mean  in  reference  to  these  matters, 
and  the  quicker  we  do  away  with  the  frills  the  quicker  and  easier 
will  it  be  for  us  to  get  down  to  a  more  comprehensive  basis,  that 
we  may  all  understand. 

There  is  another  matter  which  is,  perhaps,  trifling,  but  in 
working  out  the  size  of  a  breaker  for  a  given  system  we  usually 
arrive  at  the  amount  of  current  which  the  breaker  is  called  upon 
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to  open  under  certain  voltage  conditions,  and  it  would  be  very 
much  easier  to  select  the  switch  by  consulting  a  table  of  the 
amperes  per  phase  at  normal  working  voltage  which  the  various 
circuit  breakers  will  satisfactorily  open,  than  to  attempt  to 
select  it  from  the  ultimate  kv-a.  or  bus-capacity  basis. 

John  L.  Harper:  Our  method  of  deciding  on  an  oil  switch  at 
Niagara  is  to  give  the  company  that  is  used  to  building  them  a 
statement  of  our  conditions,  or  get  them  to  investigate  for  them- 
selves; and  then  to  install  apparatus,  that,  when  we  put  the  plant 
back  of  it,  will  rupture  properly  under  any  duty  put  upon  it. 

However,  there  seems  to  be  two  classes  of  customers  to  consider 
— those  who  wish  to  get  the  switch  that  will  just  do  the  work  and 
no  more,  and  the  other  class,  who  are  very  desirous  of  getting  a 
breaker  that  will  always  open  and  always  be  ready  to  go  back 
into  service,  regardless  of  its  cost  and  the  possibility  of 
having  too  large  an  instrument.  Therefore,  I  would  be  in  favor, 
in  rating  a  circuit  breaker,  of  using — ^referring  to  the  illustration 
used  by  Mr.  Bumham — 15,000  volts  as  the  maximum  working 
pressure,  and  disregarding  the  lowering  of  the  voltage  at  such 
time  as  the  breaker  may  act,  and  in  this  way  getting  a  breaker 
that  will  be  sufficiently  large  to  open  under  the  very  worst  con- 
ditions, although  possibly  imposing  a  little  upon  the  party  who 
wishes  to  cut  down  the  cost  and  the  size  of  his  breaker.  I  believe 
that  that  class  of  customers  should  be  imposed  upon  by  manufac- 
turers, rather  than  those  who  desire  and  depend  upon  continuous 
and  successful  operation. 

H,  W,  Buck:  There  was  one  point  touched  upon  by  Mr. 
Bumham  that  I  should  like  to  amplify,  and  that  is  the  question 
of  what  determines  the  successful  operation  of  an  oil  switch. 
I,  myself,  have  seen  oil  switches  operate  under  all  kinds  of  con- 
ditions, and  I  never  have  yet  seen  one  fail  to  open  fhe  circuit — 
but  they  have  done  so  at  times  at  the  expense  of  their  own  exis- 
tence— and  that  is  the  question.  Does  the  rating  of  an  oil 
switch  mean  that  it  is  going  to  open  the  circuit  successfully  at 
th^t  rating,  or  does  it  mean  that  it  can  only  open  it  with  result- 
ing destruction  to  itself?  Between  those  two  limits,  there  are 
all  degrees  of  operation. 

An  oil  switch,  to  successfully  operate,  within  its  rating  should 
certainly  be  able  to  open  a  short  circuit  in  such  a  way  that  it 
can  immediately  go  back  into  service.  If  it  is  going  to  open  the 
circuit  and  clear  a  short  on  the  line,  and  at  the  same  time  blow 
up  its  tank  and  throw  oil  all  over  the  station,  that  certainly 
should  not  be  considered  to  come  within  its  rating.  I  think 
that  the  successful  opening  of  a  circuit  should  be  more  clearly 
defined  than  it  is  at  the  present  time. 

John  B.  Taylor:  There  is  at  least  a  tendency  to  come  to 
some  kind  of  an  agreement  on  this  question  of  rating,  since  both 
of  the  authors  want  to  deal  in  current  and  voltage,  though 
there  seems  to  be  unnecessary  confusion  as  t  o  what  particular 
current  is  to  be  taken,  and  what  particular  voltage  is  to  be 
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taken.  The  principal  difference  is  that  Mr.  Hayes  wants 
to  measure  the  voltage,  not  of  the  system  before  the  trouble 
began,  not  of  the  system  at  some  point  while  the  trouble 
is  on,  but  some  final  voltage  which  is  not  at  all  definitely  de- 
fined. I  hope  that  he  will  explain  that  a  little  more  clearly. 
It  is  quite  obvious  from  the  oscillograph  record  exhibited,  that 
there  are  a  great  many  currents  and  a  great  many  voltage  values 
which  may  be  picked  off  of  the  record  between  the  time  that  the 
trouble  begins  and  the  time  that  the  trouble  is  definitely  over. 

My  own  feeling  on  this  question  of  rating  is,  that  there  is  bound 
to  be  a  great  deal  of  difference  of  opinion  and  not  much  headway 
made,  until  the  theory  of  the  switch  is  discussed  and  a  better 
agreement  reached  as  to  how  the  switch  works.  Now,  while 
Mr.  Hayes  disclaims  any  intention  of  discussing  the  theory, 
scattered  through  the  paper  here  and  there,  are  various  obser- 
vations on  how  a  switch  is  designed  and  the  factors  making  one 
switch  more  effective  than  another.  The  reason  why  I  feel  that 
the  theory  of  the  switch  is  essential  to  progress,  not  only 
on  rating,  but  for  developing  switches  for  more  extreme 
service,  comes  from  reviewing  the  discussions  that  have  been 
held  on  this  oil  switch  matter  in  the  Institute  papers  for  the 
last  10  or  15  years.  Two  men  will  think  they  are  discussing  the 
same  point,  when  they  are  not  discussing  the  same  thing  at  all. 
The  design  of  the  switch — the  designers'  working  theory  as  to 
what  factors  make  a  switch  effective — appears  to  be  in  a  very 
hazy  state.  On  the  one  hand,  we  have  men  talking  about  a 
vacuum  close  to  the  point  of  the  arc,  due  to  the  fact  that  a 
solid  body  has  been  drawn  out  of  the  oil  leaving  a  space  which 
the  oil  must  fill;  and  at  the  same  time  the  same  man  will  be 
showing  records  of  pressure  up  to  50  or  100  pounds  to  the 
square  inch. 

As  Mr.  Hewlett  has  pointed  out  in  his  paper,  the  test 
of  switches  under  extreme  duty  is  almost  impossible  today. 
The  expense,  the  trouble  and  the  danger  from  interrupting 
the  service  on  large  working  systems  make  the  opportunity 
for  those  tests  so  few  and  far  between,  that  the  best  that  any 
designer  can  expect  to  get  out  of  them  is  a  line  on  the  particular 
switch  that  he  had  there.  If  he  has  an  opportunity  to  make 
several  short  circuits  he  may  be  able  to  see  which  one  is  the 
better,  but  such  tests  cannot  be  done  day  after  day.  The  minor 
details  of  design,  that  make  the  difference  between  success  and 
failure,  cannot  be  fully  tried  out.  Of  course,  the  proof  of  the 
pudding  is  in  the  eating,  and  if  a  switch  has  been  produced  that 
does  the  work,  it  may  be  more  or  less  immaterial  whether  the 
details  are  worked  out  to  the  best  advantage.  In  view  of  the 
limited  opportunities  for  doing  this  work,  I  feel  strongly  that 
there  is  need  of  designers  and  investigators  stating  their  ideas 
of  just  how  a  switch  behaves  and  what  factors  in  the  design  of  one 
switch  make  it  work  better  than  another  switch.  After  there  is 
some  semblance  of  an  agreement  on  these  points,  the  question 
of  rating  will  be  easier. 
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K.  C.  Randall:  Some  years  ago  transformers  were  built  or 
designed  by  comparison,  but  they  are  now,  built  absolutely 
scientifically.  That  is,  there  is  a  limited  amount  of  iron,  a  limited 
amount  of  copper,  and  a  limited  amount  of  insulation,  which  are 
necessary  to  the  production  of  a  certain  performance.  There  is 
a  mathematical  calculation  that  takes  care  of  it,  and  that  is 
similarly  true  with  induction  motors,  and  more  or  less  with  other 
machinery.  For  circuit  breakers,  no  such  data  are  known.  Cir- 
cuit breakers  are  still  comparatively  built,  and  they  are  not 
designed  on  a  technical  basis. 

We  know  how  to  build  breakers  that  will  perform  a  certain 
function;  but  it  is  possible,  even  probable,  that  the  breakers 
that  we  are  building  today  will  be  much  more  cumbersome, 
heavier,  more  expensive,  than  the  breakers  which  we  will  build 
when  we  know  something  about  breakers — I  mean  analytically. 
We  know  that  an  inductive  circuit  is  more  difficult  to  open  than 
a  like  non-inductive  circuit.  But  I  don*t  know  that  any  one 
will  volunteer  what  the  difference  is  ?  Whether  a  power  factor 
of  60  per  cent,  50  per  cent  or  10  per  cent,  bears  a  definite  re- 
lation to  the  difficulty  of  the  circuit-breaker  problem.  The 
technical  analysis — the  study — the  real  knowledge  of  the 
problem — has  not  been  acquired  at  all. 

Specifically,  we  don't  know  whether  a  tank  that  is  4  feet 
(121.9  cm.)  deep,  as  against  one  that  is  2  feet  (60.9  cm.)  deep, 
will  handle  twice  as  much  current — will  interrupt  a  circuit  of 
twice  the  voltage — or  will  handle  twice  the  kv-a.;  nor  do  we 
know  whether  the  diameter  of  the  tank — holding  the  depth  the 
same — if  doubled,  will  double  the  capacity  of  the  rupturing 
ability.  Now,  if  these  conditions  prevail — and  I  think  those 
who  are  confronted  with  applying  circuit  breakers  and  designing 
them  and  building  them  agree — then  we  are  not  quite  ready  to 
finally  say  just  what  a  rating  of  a  circuit  breaker  shall  be  in 
terms  of  power  factor,  current  and  voltage. 

It  might  be  well,  then,  to  suggest  that  for  the  time  being  we 
should  stick  to  the  one  question.  For  a  long  time  we  have  gone 
along  with  a  very  hit  or  miss,  perhaps  antagonistic,  lot  of  local 
and  almost  individual  methods  of  rating.  If  we  should  agree 
now  to  rate  breakers  by  the  ctirrent,  as  Mr.  Bumham  said — 
not  in  the  arc,  but  simply  in  the  circuit ;  and  the  voltage  of  the 
circuit,  the  normal,  operating  potential — we  will,  I  believe, 
obtain  a  practical  working  method  which  will  be  good  for  awhile, 
and  will  give  an  effective  basis  of  comparison.  Later  on,  when 
real  knowledge  of  the  problem  has  been  acquired,  we  can,  if 
desirable — and  I  frankly  doubt  whether  it  will  be  desirable — 
introduce  the  question  of  power  factor. 

It  has  already  been  said  that  probably  the  power  factor, 
under  the  average  condition  of  severe  duty — say  short  circuit — 
may  average  fairly  uniform;  and  if  we  build  breakers  which  will 
deal  with  those  fairly  uniform  conditions,  we  will  solve  the  prob- 
lem. 
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Then  comes  a  matter  that  has  been  touched  on  several  times, 
which  I  call  the  ''relation  of  freedom  of  distress  to  maximum  ruptur- 
ing ability  or  rating.**  A  few  of  these  points  are:  A  function  of 
safety;  an  indication  of  an  available  margin  for  additional  duty; 
matter  of  appearance  and  orderliness;  a  source  of  security  and 
confidence  of  the  operators,  where  there  is  freedom  from  distress. 
Smoke  and  oil  throwing  are  not  necessarily  proof  of  a  near 
approach  to  the  maximum  rupturing  capacity  of  the  breaker; 
but,  with  all  adjustments  right,  and  with  the  operation  as  in- 
tended, such  demonstrations  should,  at  least,  be  rare. 

Mr.  Pollard,  I  believe,  said  that  if  you  wanted  to  have  an 
immaculate  station — and  I  should  think  most  operators  would 
choose  that,  if  it  could  be  obtained  at  a  reasonable  expense — 
a  larger  unit  could  be  purchased,  which  would  withstand  the 
duty,  and  not  make  a  demonstration  which  a  smaller  and  cheaper 
unit  would  manifest.  So  that,  after  all,  whether  the  unit  shall 
go  back  into  operation  clean,  tmsoiled  and  noiseless,  or  whether 
it  shall  go  back  limping,  or  perhaps  having  sacrificed  itself  and 
really  not  go  back  at  all,  is  a  matter  for  the  purchaser.  The 
manufacturer  is  glad  to  build  whatever  the  purchaser  chooses  to 
buy,  usually;  but,  as  Mr.  Pollard  said,  it  is  up  to  the  purchaser, 
who  does  the  applying  to  decide  what  he  wants.  He  can  buy  a 
small  breaker  and  blow  it  up,  or  he  can  buy  a  large  one  and  not 
blow  it  up. 

The  choice  of  breaker  equipment  for  freedom  from  demonstra- 
tion demands  the  same  foresight  into  the  future  methods  of 
operation  from  the  operator  as  he  looks  forward  to  his  growing 
loads,  that  is  exercised  when  he  purchases  additional  generating 
equipment. 

H.  W.  Buck:  For  a  common  kilowatt  rating  and  a  common 
power  house  capacity  back  of  the  arc,  the  oil  switch  of  coiu-se 
may  have  to  meet  the  condition  either  of  large  current  and  low 
voltage,  or  small  current  and  high  voltage. 

The  plant  at  Niagara  Falls  is  particularly  well  equipped  to 
make  this  direct  .comparison,  in  that  it  has  a  large  plant,  operating 
at  2200  volts,  and  also  another  large  plant  feeding  a  high-tension 
line,  with  the  same  amount  of  power  back  of  the  short  circiiits, 
operating  at  60,000  volts.  I  would  like  to  ask  of  Mr.  Imlay, 
whether  he  considers  rupturing  the  low  voltage  and  large  current 
more  severe  on  oil  switches  than  the  same  kilowatts  output  at 
high  voltage  on  small  current  ? 

L.  E,  Imlay:  We  have  very  much  less  difficulty  in  rupturing 
the  arcs  on  the  high-voltage  circuits  than  on  the  low  voltage. 

C.  A.  Adams:  I  should  like  to  ask,  then,  why  it  is  ordinarily 
considered  that  at  the  lower  voltages  the  kv-a.  rupturing  capacity 
is  larger  than  at  the  high  voltages  ? 

E.  M.  Hewlett:  In  this  particular  case,  Mr.  Imlay  is  not 
comparing  the  same  switches.  He  is  comparing  the  small  low- 
voltage  switch,  which  is  insulated  for  a  low  voltage,  with  the 
large  high-voltage  switch  which  is  insulated  for  a  high  voltage. 
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The  low-voltage  switch  is  relatively  smaller  because  it  is  not 
necessary  to  make  it  larger,  the  striking  distance  is  not  the 
limiting  feature.  Hence  the  high-voltage  switch  has  a  great 
deal  more  oil  in  it,  is  a  larger  device,  and  has  a  higher  rupturing 
capacity. 

S-  Q.  Hayes:  I  think  there  is  one  other  point  which  might  be 
brought  out  right  here.  At  the  higher  voltage  there  is  probably 
more  reactance  in  the  circuit,  and  the  amoimt  of  power  at  the 
arc  is  probably  somewhat  less  at  the  higher  voltage  than  at  the 
lower  voltage. 

H.  R.  Summerhayes:  It  seems  to  me,  on  that  same  point, 
that  there  is  another  thing  that  should  be  considered.  On  the 
high-voltage  switch  you  are  not  limited  in  space,  and  not  so 
strictly  limited  in  investment,  as  the  low-voltage  switch.  If 
the  manufacturer  were  allowed  to  build  a  low-voltage  switch, 
using  the  same  space  and  the  same  investment  as  is  used  for  the 
high-voltage  switch,  he  could  probably  build  a  switch  which 
would  show  a  very  favorable  and  remarkable  performance. 
The  design  of  the  low-voltage  switch  has  been  based  on  invest- 
ment considerations  and  space  considerations.  The  low-voltage 
stations — the  large  low-voltage  stations — at  first  were  alwa3rs 
located  in  large  cities,  where  real  estate  was  expensive  and  the 
switches  had  to  be  confined  to  the  least  space.  A  great  many 
switches  required  a  great  many  feeders  out  of  the  stations,  so 
that  space  was  a  limiting  factor.  The  high-tension  switches,  on 
the  other  hand,  are  generally,  nowadays,  put  out  of  doors,  and 
there  is  no  such  objection  to  the  large  quantities  of  oil  as  was 
encountered  in  the  original  designs  of  low- voltage  switches. 

Mr.  Hayes  speaks  of  rating  the  switch  on  the  circuit  voltage 
immediately  after  the  short  circuit.  The  question  of  the  meaning 
of  the  word  immediately  comes  in.  Of  course  we  understand  that 
if  the  field  of  the  generator  is  under  the  control  of  an  automatic 
regulator  which  pushes  up  the  field  excitation  as  soon  as  a  short 
circuit  comes,  then  the  voltage  may  rise  to  a  very  high  point 
after  the  short  circuit,  but  that  takes  time.  Lean  understand 
that  the  current  is  going  up,  possibly,  during  the  short  circuit, 
but  it  seems  to  me  that  the  voltage  would  not  rise  until  after  the 
switch  had  opened.  On  this  very  point  it  has  been  observed  that 
what  we  might  call  a  sustained  short  circuit  is  more  difficult  to 
open  than  one  in  which  the  voltage  is  not  sustained. 

I  am  in  favor  of  rating  switches  on  the  current  which  the 
switch  opens  and  the  system  voltage.  One  reason  for  that  is, 
that  nearly  all  devices  used  on  constant  potential  systems  are 
rated  at  the  system  voltage,  and  it  would  be  very  convenient 
for  engineers  to  observe  the  same  custom  in  rating  switches, 
rather  than  to  rate  them  on  a  voltage  which  may  be  different  for 
every  short  circuit. 

Mr.  Hayes  speaks  of  short  circuits  not  occurring  closer  together 
than  two  minutes,  the  breaker  being  capable  of  opening  the 
short  circuit  ten  times  within  the  course  of  an  hour.    It  occurs 
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to  me  that  such  an  arbitrary  rating  would  be  rather  difficult  for 
an  operating  engineer  to  take  care  of  in  his  system.  That  is, 
it  would  be  rather  difficult  to  design  a  railway  system,  or  any 
other  system,  in  such  a  way  that  short  circuits  would  come 
no  closer  than  two  minutes  apart.    They  are  not  under  control. 

The  point  that  a  switch  should  be  guaranteed  to  open  the 
circuit,  and  then  be  in  condition  to  be  re-closed,  is  one  which  is 
well  taken.  There  is  very  little  doubt  that  most  operating 
engineers  prefer  to  have  the  switch  capable  of  being  reclosed  at 
least  once.  That,  I  think,  should  be  a  standard.  As  to  the 
number  of  times,  there  may  be  a  difference  of  opinion,  and  more 
investment  may  be  required. 

The  rating  in  which  the  kv-a.  capacity  goes  up  in  greater 
proportion  than  the  voltage  goes  down,  is  rather  difficult  to 
understand,  and  is  rather  difficult  to  reconcile  with  the  other 
statement  in  the  paper,  that  the  rupturing  capacity  is  a  function 
of  the  tank  dimensions. 

There  is  another  point  that  might  be  raised,  and  that  is,  that 
different  designs  of  circuit  breakers  may  require  different  form- 
ulas to  be  applied  for  the  difference  in  rupturing  capacity  when 
the  voltage  is  varied.  I  think  some  of  them  would  act  differently, 
on  that  point. 

P.  M.  Lincoln:  It  seems  to  me  that  the  main  question  under 
discussion  here  might  be  almost  called  one  of  the  proper  selection 
of  a  name  by  which  to  call  our  circuit  breakers.  At  the  present 
time,  and  during  the  past,  if  we  wanted,  for  instance,  to  get  a 
circuit  breaker  for  a  lOCiO-kw.  machine,  we  took  its  ampere 
capacity  from  that  of  the  machine  and  then  selected  our  breaker 
on  the  basis  of  the  short-circuit  ampere  capacity.  Thus  for 
various  conditions  we  had  to  select  various  breakers,  depending 
upon  the  conditions  imder  which  they  were  to  be  used. 

A  1000-kw.  machine,  if  built  upon  the  old  specifications  when 
regulation  was  the  thing  which  was  desired  in  generators  above 
everything  else,  might  be  capable  of  giving  15,  20,  30  times  or 
perhaps  even  a  higher  percentage,  of  its  normal  current  upon 
short  circuit.  Under  modem  conditions,  however,  particularly 
since  the  practise  has  arisen  of  using  reactances,  in  series  with 
generators,  instead  of  giving  20,  30  or  may  be  40  times  normal 
current,  the  modem  generator  may  only  give  five  to  ten  times 
normal  full-load  current  on  short  circuits;  so  that,  that  condition 
introduces  a  decided  factor  in  the  selection  of  the  breaker. 

The  question,  therefore,  is,  in  the  future  shall  we  select  our 
breakers  in  regard  to  the  normal  current  which  they  have  to 
carry,  or  shall  we  select  the  breaker  with  regard  to  the  maximum 
overloading — the  worst  condition  that  it  must  carry?  I  quite 
agree  with  both  authors.  Both  authors  take  the  position  that 
the  breaker  should  be  selected,  and  it  should  be  given  a  name 
with  respect  to  the  maximum  short  circuit  that  it  has  to  inter- 
rupt.   I  quite  agree  with  that  view. 

Some  exception  has  been  taken  to  the  language  of  Mr.  Haye^, 
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when  he  speaks  of  the  voltage  to  be  interrupted.  He  calls  the 
voltage  that  which  exists  immediately  after  the  short  circuit 
has  been  interrupted.  I  think  Mr.  Hayes  used  that  language 
to  give  a  picture  of  what  the  breaker  has  to  do  during  the  process 
rather  than  with  a  view  of  determining  the  voltage  of  the  rating. 
I  believe  that  the  proper  voltage  to  be  used  in  getting  at  this 
rating  is  the  normal  voltage  of  the  circuit. 

It  seems,  therefore,  that  the  main  question  that  we  have  under 
discussion  in  this  session  is  the  proper  naine  to  apply  to  breakers, 
and  I  quite  agree  with  both  of  these  authors,  in  feeling  that  the 
proper  name  to  give  to  them  is  the  final  rupturing  capacity,  rather 
than  the  normal  ampere  carrying  capacity.  Of  course  the 
breakers  must  have  that  normal  ampere  carrying  capacity — 
that  goes  without  saying.  But  the  name  to  call  them  by  should 
be  their  maximum  rupturing  capacity,  rather  than  their  normal 
ampere  carrying  capacity. 

L.  W.  Chubb:  The  electromagnetic  energy  stored  in  a  system 
when  the  breaker  opens  has  to  be  dissipated  either  as  heat  in  the 
breaker  arc  or  stored  as  an  electrostatic  charge  in  the  system, 
to  be  subsequently  dissipated  by  oscillation  and  absorption  in 
resistance.  There  are  several  different  things  to  consider  in  the 
breaking  of  a  circuit.  The  energy  put  in  the  breaker  tank  is  a 
function  of  the  power  factor,  the  time  of  operation  and  the  phase 
of  the  current  at  the  first  of  the  separation.  If  the  breaker  opens 
quickly  at  the  zero  point  of  current  the  breaker  has  no  work  to 
do  and  the  energy  will  all  go  to  increasing  the  voltage  of  the 
system.  If  the  breaker  takes  a  long  time  to  open,  the  stored 
energy  of  the  system  and  more  coming  from  the  generating 
station  will  be  dissipated  in  the  arc  of  the  breaker.  So  that  the 
time  and  speed  of  operation,  the  power  factor,  the  ratio  of  line 
capacitance  to  inductance,  and  the  kind  of  inductance  are  all 
things  to  be  considered.  It  makes  a  difference  whether  the  inter- 
ruption and  short  circuit  are  at  the  far  end  of  the  line  or  near  the 
station.  A  breaker  in  the  station  should  handle  a  short  circuit 
near  the  station,  in  which  case  there  is  the  greatest  current, 
lowest  power  factor,  and  lowest  ratio  of  capacitance  to  induc- 
tance. With  this  low  ratio  of  capacitance  there  is  not  the  advan- 
tage of  line  elasticity,  no  place  to  store  the  energy,  there  is  an 
almost  instantaneous  rise  of  voltage  each  time  the  current  pauses 
at  the  zero  point,  which  lights  the  arc  repeatedly  and  the  dy- 
namic and  stored  energy  must  be  taken  care  of  in  the  arc  under 
oil  until  the  final  break.  Therefore  it  seems  that  to  take  care 
of  the  worst  conditions,  the  rating  of  breakers  should  assume  a 
zero  power  factor. 

C.  A.  Adams:  My  interest  in  this  subject  is  largely  from  the 
standpoint  of  standardization,  to  the  end  that  the  rating  of  an 
oil  switch  or  circuit  breaker  may  be  definite,  clear  cut  and  de- 
terminable. In  the  early  days  of  dynamo  machinery,  the  maker's 
rating  frequently  differed  from  what  we  now  understand  as  the 
continuous  rating,  by  as  much  as  50  per  cent,  (usually  in  excess). 


Digitized  by  LjOOQ IC 


1916)  DISCUSSION  AT  BOSTON  1545 

due  partly  to 'crudeness  in  methods  of  design  and  calculation, 
partly  to  lack  of  digested  experience,  partly  to  lack  of  knowledge 
of  the  qualities  of  the  materials  employed,  partly  to  the  differing 
factors  of  safety  employed  by  the  various  manufacturers,  and 
partly  to  the  differing  allowances  which  the  manufacturers  made 
for  the  crudeness  of  the  customer's  estimate  of  the  capacity 
required. 

We  are  now  in  a  somewhat  similar  stage  of  evolution  as  regards 
the  rating  of  oil  circuit  breakers.  The  customer  does  not  know 
exactly  the  work  which  the  breaker  will  be  called  upon  to  do; 
the  designer  does  not  know  how  to  design,  with  any  reasonable 
degree  of  accuracy,  a  breaker  to  do  just  the  work  specified;  and 
finally  the  manufacturer  cannot  easily  reproduce  the  specified 
conditions  of  operation,  to  test  his  product. 

Thus  the  task  before  us  is  two-fold :  First,  to  reduce  our  knowl- 
edge of  this  whole  subject  to  a  more  definite,  computable  and 
testable  basis;  and  second,  to  agree  upon  certain  definitions  as  to 
rating,  etc.,  so  that  we  will  be  talking  the  same  language,  so  that 
both  specifications  and  bids  will  be  rational  and  comparable. 

Out  of  the  present  discussion,  one  conclusion  stands  forth 
clearly  in  my  mind,  namely  that  the  rating  of  an  oil  circuit 
breaker  should  be  defined  in  terms  of  the  work  it  can  safely  do, 
without  reference  to  the  nature  or  capacity  of  the  system  to 
which  it  may  be  connected  by  a  particular  customer.  It  is  for  the 
customer  or  his  engineer  to  say  what  work  it  will  be  called  upon 
to  do,  or  to  choose  a  standard  breaker  with  a  sufficient  margin 
to  cover  his  maximum  requirement.  If  he  wishes  an  unusually 
large  factor  of  safety  it  is  for  him  to  specify  the  correspondingly 
larger  standard  rating,  as  he  is  the  one  to  pay  for  this  extra 
insurance. 

Finally  the  task  under  discussion  is  not  a  small  or  unimportant 
one,  and  anyone  who  contributes  even  in  part  to  its  satisfactory 
completion  deserves  a  large  share  of  credit  and  appreciation 
from  the  profession  at  large. 

S.  Q.  Hayes:  Referring  to  Mr.  Lichtenberg's  discussion. 
My  paper,  as  stated,  is  largely  a  series  of  disconnected  notes. 
It  really  does  not  lay  much  claim  to  clearness  of  definition  as  to 
the  proper  method  of  this  rating.  I  think  probably  the  fourth 
line  of  the  summary  gives  the  gist  of  my  idea  in  preparing  this 
paper — that  the  main  object  was  to  open  up  a  discussion;  and 
I  think  we  have  opened  up  a  pretty  fair  discussion  on  it.  Mr. 
Lichtenberg  I  believe  also  brought  out  the  question  about  the 
rating  of  the  circuit  breaker  and  the  formula  from  which  that  is 
derived.  That,  as  stated  in  the  paper,  is  the  rating  assigned  to 
it  by  the  maker  or  the  designer  of  that  particular  breaker.  The 
makers  have  felt  that  the  breaker  which  really  has  the  22,000- 
volt  insulation,  and  the  oil  and  the  tanks  suitable  for  that  service, 
will  actually  open  1700  ampieres  at  22,000  volts,  and  will  be 
reoperative  after  opening  such  a  short  circuit.  They  also  claim 
that  that  same  breaker  will  actually  open  15,000  amperes  at  ^ 
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4500  volts,  and  be  immediately  reoperative.  They  have  made 
tests  that  prove  that  that  particular  breaker  can  fulfill  that 
particular  line  of  ratings.  Whether  that  formula  holds  true  for 
every  particular  line  of  breaker — as  Mr.  Simimerhayes  brings 
out — is  another  question.  But  the  makers  will  guarantee  that 
this  particular  breaker  will  meet  the  particular  conditions  stated. 

Mr.  Pollard  and  others  brought  out  the  question  of  rating  in 
kv-a.  or  amperes  and  volts,  and  the  question  of  the  voltage 
immediately  after  opening  the  arc.  Under  normal  conditions  we 
actually  rate  a  breaker  at  the  service  voltage.  I  wanted  to  point 
out  the  fact,  however,  that  under  the  abnormal  conditions  met  in 
certain  cases,  where  you  do  have  a  very  large  rise  in  voltage,  that 
the  kv-a.  rating  shoidd  be  based  on  the  voltage  that  is  practically 
available  for  maintaining  that  arc,  namely,  the  voltage  that 
exists  just  after  the  breaker  has  cleared  the  circuit. 

H.  R.  Summerhayes:  Don't  you  think  it  would  be  better, 
as  a  basis  of  rating,  to  use  the  system  volta'ge  ? 

S.  Q.  Hayes.  I  think,  as  a  basis  for  rating,  that  the  system 
voltage  is  probably  the  best  way  of  doing  it.  This  paper  of  mine 
is  not  any  attempt  to  force  this  method  of  rating ;  but  my  idea  was 
to  put  up  a  method  of  rating,  largely  as  a  target,  so  as  to  get  the 
ideas  of  various  people  on  this  subject. 

I  notice  that  Mr.  Pollard  agrees  with  the  recommendation, 
that  the  manufacturer  should  give  the  rating  which  he  assigns  to 
his  oil  circuit  breaker,  and  the  user  should  decide  whether  that 
breaker  actually  is  satisfactory  for  his  conditions. 

The  question  of  distress  that  Mr.  Pollard  brought  out,  really 
is  a  question  for  the  operating  engineers  to  settle,  rather  than  for 
the  designer  to  settle. 

As  Mr.  Adams  indicated,  one  thing  necessary  is  to  select  the 
proper  terms  to  be  used  in  rating  circuit  breakers  and  the  proper 
method  of  determining  whether  the  circuit  breakers  have  met 
their  guarantees  or  not.  This  paper  of  mine  suggests  certain 
terms,  not  as  being  the  best  possible  terms  to  describe  what  is 
intended,  but  as  one  method  of  describing  them,  in  order,  to  give 
others  a  chance  to  suggest  better  means  of  expressing  what  I 
have  attempted  to  express  in  this  paper. 

Now,  that  point  about  whether  the  breaker  should  be  rated 
at  15,000  volts  or  13,000  volts  is,  to  a  certain  extent,  answered 
by  the  reconMnendation  of  using  the  voltage  that  will  exist 
immediately  after  the  breaker  has  opened  the  circuit.  That 
very  difficiilty  is  indicated  on  the  curve.  After  opening,  the 
circuit  will  undoubtedly  have  gone  back  to  15,000  volts,  and 
may  be  a  trifle  higher. 

Mr.  Harper  brought  out  the  point  that  the  practise  of  his 
company  is  practically  to  have  the  manufacturer  send  an 
engineer  to  investigate  the  particular  conditions  and  then 
recommend  a  breaker  that  will  meet  those  particular  conditions. 
Now,  in  plants  of  the  size  of  Mr.  Harper's,  that  can  usually  be 
done;  but  the  idea  of  this  paper  was  to  practically  settle  on  a 
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basis  of  rating  that  would  take  care  of  probably  90  per  cent  of 
the  cases.  There  are  undoubtedly  other  cases — maybe  10  per 
cent  of  the  whole — where  the  operator  will  largely  have  to 
depend  on  the  designing  engineer — the  manufacturing  engineer — 
guaranteeing  that  he  will  actually  furnish  a  breaker  to  meet  the 
particular  conditions. 

Mr.  Harper  very  aptly  brought  out  the  facts  that  there  are 
two  classes  of  customers.  In  making  a  note  on  Mr.  Harper's 
statement,  I  called  these  people  "minimum  and  maximum 
customers" — one  who  will  be  satisfied  with  the  minimum, 
namely,  the  cheapest  breaker,  that  will  just  get  away  with  his 
service;  and,  the  other  one,  who  wants  the  best  that  can  be 
purchased,  irrespective  of  price.  Now,  naturally  the  manu- 
facturer would  like  to  see  more  of  that  latter  class. 

Mr.  Buck  brought  out  the  point  of  what  really  was  a  successful 
operation;  and  various  other  people  agreed  with  Mr.  Buck  that 
it  was  necessary  to  have  repeat  operation. 

Now,  on  that  oscillogram  (referred  to  by  Mr.  Taylor),  the 
point  that  I  would  take  as  to  the  maximum  voltage  just  after 
opening  is  the  point  which  is  marked  on  the  oscillogram  "short 
circuit  opened.'*  You  will  notice  that  on  this  particular  system, 
where  this  test  was  made,  that  point  is  just  slightly  above  the 
normal  station  voltage. 

Mr.  Taylor  brought  out  the  point  that  testing  under  actual 
conditions  is  almost  impossible.  As  a  general  rule,  that  state- 
ment is  entirely  correct.  There  are  a  certain  number  of  tests 
that  have  been  made  on  plants  of  comparatively  large  capacity, 
so  that  the  operators  know,  or  can  know,  that  the  manufacturers 
really  have  some  actual  data  on  which  their  apparatus  is  based. 

Mr.  Randall  brought  out  the  point  that  circuit  breakers  are 
what  he  called  "comparatively  built,"  and  "comparatively 
designed,"  and  that  no  real  analysis  has  been  made  of  a  circuit- 
breaker  design,  and  that  no  actual  data  have  been  obtained  as  to 
the  effect  of  changes  in  dimensions.  Now,  those  statements  are 
entirely  correct.  No  definite  data  have  been  secured  as  to  the 
effect  of  increase  in  dimensions;  but  a  certain  amount  of  com- 
parative data  have  been  available.  It  is  known  that  a  certain 
type  of  breaker,  with  a  tank  of  a  certain  diameter,  will  do  a 
certain  amount  of  work,  and  that  the  same  general  design  of 
breaker,  with  a  larger  tank,  will  open  a  greater  amount  of  power. 

Mr.  Randall  also  agreed  with  the  statement  made  by  various 
speakers,  that  the  current  of  the  circuit  to  be  opened  really 
should  be  the  current  at  the*  normal  voltage,  and  not  the  current 
that  would  exist  after  opening  the  arc.  And  he  also  brought 
out  the  various  features  that  would  occur  at  the  time  of  rupture, 
which  he  spoke  of  as  "demonstrations." 

Mr.  Imlay  stated  that  he  has  found  there  is  less  difficulty 
opening  a  certain  station  capacity  at  60,000  volts  than  at  2200 
volts.  In  answering  that  point  at  that  time  I  practically  asked 
Mr.  Imlay  another  question,  and  that  was  whether  at  60,000 
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volts  there  really  was  not  more  reactance  in  his  circuit,  so  that 
the  power  at  the  arc  really  was  less  on  the  60,000  than  on  the 
2200-volt  circuit.  Now,  Mr.  Summerhayes  and  Mr.  Hewlett 
practically  brought  out,  in  answer  to  Mr.  Imlay's  point,  that 
for  the  higher  voltage,  space  and  price  were  minor  considerations. 
So  that  it  is  undoubtedly  true  that  the  liigh-voltage  breakers, 
which  Mr.  Imlay  has  in  his  plant,  open  their  circuits  with  less 
fuss  than  the  low-voltage  breaker. 

Mr.  Imlay  I  believe  also  brought  out  the  question  of  the 
rating  of  the  low-voltage  breaker — the  rating  of  a  breaker  being 
given  greater  for  low  voltage  than  for  high  voltage.  I  answered 
that  question  earlier,  to  the  effect  that  those  are  the  ratings 
which  the  manufacturer  of  that  breaker  guarantees  the  breaker 
will  meet. 

Mr.  Summerhayes  brought  out  the  point  that  the  space  and 
the  price  of  a  low-voltage  breaker,  particularly  when  installed 
in  city  plants,  where  real  estate  was  of  vast  importance,  was 
one  of  the  limiting  features  on  the  low-voltage  breaker  that  was 
not  met  with  in  the  high-voltage  breaker;  and  that  given  more 
or  less  unlimited  space  and  more  or  less  unlimited  price  the 
low-voltage  breaker  could  be  made  to  open  the  circuit  just  as 
readily  as  the  high-voltage  breaker. 

Mr.  Summerhayes  also  stated  that,  it  is  his  recommendation 
that  the  current  rating  should  be  on  the  system  voltage.  I 
practically  agree  with  him;  but  I  have  brought  out  the  point 
that  for  those  particular  conditions  where  we  did  have  a  high 
rise  in  voltage  after  an  arc,  that  it  will  have  to  be  watched 
rather  carefully.  Now,  just  on  that  point,  there  is  one  feature 
of  circuit-breaker  operation  that  some  people  lose  sight  of,  and 
that  is,  that  if  you  have  a  number  of  parallel  connected  circuits 
and  one  of  them  is  opened  due  to  a  short  circuit  on  that 
particular  feeder,  the  duty  is  less  on  that  breaker,  because  the 
system  can  discharge  over  the  other  circuits,  than  if  that  were 
the  only  circuit  and  it  had  to  open  all  of  the  stored  magnetic 
energy  of  the  system. 

Mr.  Lincoln  brought  out  the  fact  that  the  real  feature  was  the 
proper  selection  of  the  name  to  be  assigned  to  a  circuit-breaker 
rating.  And  Mr.  Lincoln  stated  correctly  my  viewpoint  on  that 
question  of  the  open-circuit  voltage  that  took  place  immediately 
after  the  breaker  opened. 

Mr.  Chubb  brought  out  the  point  of  the  energy  to  open  and 
the  storage  of  energy,  and  the  point  that  I  just  made,  about 
circuit  breakers  and  parallel  circuits,  takes  care  of  that  point. 

Mr.  Adams  felt  that  the  rating  of  the  breaker  should  be 
practically  independent  of  the  system;  and,  if  it  is  possible  to  do 
so,  I  feel  that  that  is  the  proper  method  of  rating. 

E.  M.  Hewlett:  In  reference  to  Mr.  Pollard's  point,  and  as 
Mr.  Hayes  stated,  the  manufacturer  would  like  to  have  only  one 
rating,  and  that  rating  for  safety  and  service.  Unfortunately, 
there  are  two  classes  of  customers.     Some  want  all  thev  can 
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get  and  others  are  content  with  just  enough  to  squeeze  through. 
You  must  consider  both  parties  in  the  designing  and  the  rating,  so 
that  you  will  need  a  rating  that  can  be  used  both  ways,  or  let  a 
different  safety  factor  be  taken  by  the  man  who  is  willing  to  take 
the  risk. 

Mr.  Randall  is  quite  right  in  reference  to  our  data.  We  have 
a  great  deal  comparing  different  capacities  and  different  dimen- 
sions, and  the  service  that  the  switches  have  given  will  bear  out 
the  way  we  have  used  that  data.  I  think  that  the  manufacturers 
have  selected  ratings  that  have  given  on  the  average,  very  good 
service. 

Mr.  Lincoln  spoke  of  using  the  rating — that  is,  the  rupturing 
capacity  rating — as  the  rating  of  the  switch.  I  think,  however, 
that  a  switch  needs  a  first  and  a  last  name,  as  well  as  some  other 
features,  and  that  you  have  to  give  it  not  only  a  rupturing  rating, 
but  also  a  normal  ciurent  carrying  capacity  at  the  station  voltage. 

Then,  to  take  up  the  last  point,  the  rupturing  capacity  should 
be  stated  in  the  actual  current  that  the  switch  is  called  upon  to 
open  at  the  operating  voltage.  There  are  a  great  many  factors, 
you  can  see,  that  have  to  be  brought  in;  but  we  can  use  such  a 
rating  as  this  until  such  time  as  we  find  we  have  sufficient  data 
to  formulate  a  new  rating. 

P.  Lindemann  (by  letter):  It  is  quite  evident  that  we  will 
have  as  many  types  of  circuit  breakers  as  we  have  types  of 
apparatus  or  systems  to  be  protected. 

Taking  into  consideration  our  present  method  of  rating  genera- 
tors, transformers  and  motors,  it  seems  most  preferable  that  our 
oil  switches  or  other  protecting  devices  be  treated  with  a  like 
method  of  rating,  so  for  a  generator  having  a  given  name  plate 
rating  that  a  similar  name  plate  rating  be  placed  on  the  oil 
switch  to  signify  the  proper  size  of  switch  necessar^^ 

By  this  method  for  a  transmission  line  the  proper  oil  switch 
would  be  one  having  a  name  plate  rating  equivalent  to  the 
current,  voltage,  frequency  and  power  factor  of  the  line  which 
it  is  to  protect. 

Assimiing  the  line  connected  to  generator  bus  bars,  a  generator 
type  of  switch  would  be  selected  and  if  the  switch  was  to  be 
placed  at  the  far  end  of  the  same  line  with  no  load  taken  off 
between  them,  the  two  oil  switches  should  have  the  same  ratings 
theoretically,  their  types  however  would  be  different. 

It  seems  to  me  that  the  possible  surges  of  voltage  and  current 
should  not  enter  into  its  name  plate  rating,  but  rather  that  they 
be  assumed  in  the  design  by  the  manufacturers. 

In  addition  to  the  above  an  oil  switch  of  such  design  as  to 
take  care  of  twelve  interruptions  of  its  maximum  rating  at  two 
minute  intervals  before  inspection  is  necessary,  would  be  ideal 
practically. 
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The  first  step  taken  by  the  Institute  toward  the  standardisation  of 
electrical  apparatus  and  methods  was  a  topical  discussion  on  "  The  Stand- 
ardization of  Generators,  Motors  and  Transformers,"  which  took  place 
simultaneously  in  New  York  and  Chicago  on  the  evening  of  January  26, 
1898.  The  discussion  appears  in  the  Institute  Transactions,  Vol. 
XV,  pages  3  to  32.  The  opinions  expressed  were  generally  favorable  to 
the  scheme  of  standardization  of  electrical  apparatus,  although  some 
members  feared  that  difficulties  might  arise.  As  a  result  of  this  dis- 
cussion, a  Committee  on  Standardization  was  appointed  by  the  Council 
of  the  Institute,  consisting  of  the  following  members: 
Francis  B.  Crocker,  Chairman, 
Cary  T.  Hutchinson  Charlbs  P.  Stbinmbtz 

Arthur  E.  Kennelly  Lewis  B.  Stillwell 

John  W.  Libb,  Jr.  Elihu  Thomson 

After  a  careful  consideration  of  the  matter  and  consultation  with  the 
members  of  the  Institute  and  interested  parties  generally,  a  "  Report 
of  the  Committee  on  Standardization,"  was  presented  and  accepted  by 
th«  Institute,  June  26,  1899.  Those  original  rules  appeared  in  the  In- 
stitute Transactions,  Vol.  XVI,  pages  255  to  268. 

As  a  result  of  changes  and  developments  in  the  electric  art,  it  was 
subsequently  found  necessary  to  revise  the  original  report,  this  work 
being  carried  out  by  the  following  Committe  on  Standardization: 
Francis  B.  Crocker,  Chairman. 
Arthur  E.  Kennelly  Charles  P.  Stbinmbtz 

John  W.  Lies,  Jr.  Lewis  B.  Stillwell 

C.  O.  Mailloux  Elihu  Thomson 

This  revised  report  was  adopted  at  the  19th  Annual  Convention  at 
Great  Barrington,  Mass.,  on  June  20,  1902,  and  appears  in  the  Institute 
Transactions,  Vol.  XIX,  pages  1076  to  1092. 

In  consequence  of  still  further  change  and  development  in  electrical 
apparatus  and  methods,  it  was  decided  in  September,  1905,  that  a  second 
revision  was  needed,  and  the  following  Committee  was  appointed  to  do 
this  work. 

Francis  B.  Crocker,  Chairman, 
Arthur  B.  Kennelly,  Secretary. 
Henry  S.  Carhart  Charles  P.  Scott 

John  W.  Lieb,  Jr.  Charles  P.  Stbinmbtz 

C.  O.  Mailloux  Henry  G.  Stott 

Robert  B.  Owens  S.  W.  Stratton  ^^  , 
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This  Committee  held  monthly  meetings  and  carried  on  extensive  corre- 
spondence with  manufacturers,  consulting  and  operating  engineers  and 
other  interested  parties,  and  as  a  result,  presented  its  report  at  the  23d 
Annual  Convention,  held  at  Milwaukee,  May  28-30,  1906.  After  con- 
siderable discussion  the  report  was  accepted  and  referred  back  to  the 
Committee  for  amendment  and  rearrangement  in  form.  It  was  then 
to  be  submitted  to  the  Board  of  Directors  for  final  adoption.  In  Septem- 
ber, 1906,  the  following  Standardization  Committee  was  appointed: 

Francis  B.  Crocker,  Chairman. 

Arthur  £.  Kbnnelly,  Secretary. 
A.  W.  Bbrresford  Charlbs  F.  Scott 

DuGALD  C.  Jackson  Charles  P.  Stbinmetz 

C.  O.  Maxlloux  Henry  G.  Stott 

Robert  B.  Owens  S.  W.  Stratton 

Elihu  Thomson 

This  Committee  held  monthly  meetings,  also  sub-committee  meetings, 
and  carefully  referred  the  rules  as  a  whole,  and  each  part  of  them,  to 
the  members  of  the  Institute.  The  rules  were  also  entirely  rearranged 
as  to  form,  and  put  in  shape  to  facilitate  ready  reference  to  them  and 
enable  future  revisions  to  be  made  without  breaking  up  the  logical  ar- 
rangement. Thus  amended  the  rules  were  submitted  to  the  Board  of 
Directors  and  approved  by  it  on  June  21,  1907.  The  Board  also  directed 
that  the  rules  should  be  presented,  as  accepted  by  the  Board,  at  the 
Annual  Convention  held  at  Niagara  Falls,  June  24  to  27,  1907,  which  ac- 
tion was  taken  by  President  Sheldon  on  June  26,  1907.  By  the  Con- 
stitution which  went  into  effect  on  June  10,  1907,  this  Committee  has  been 
made  a  standing  Committee  with  the  title  "  Standards  Committee,"  con- 
sisting of  nine  members. 

On  August  12,  1910,  the  Board  of  Directors  increased  the  size  of  the 
committee  from  nine  to  twelve  members;  on  October  14  from  twelve  to 
fourteen,  and  on  March  10,  1911,  from  fourteen  to  sixteen.  The  com- 
mittee thus  constituted  is  given  below. 

Comfort  A.  Adams,  Chairman. 
Arthur  E.  Kbnnelly,  Secretary. 
H.  W.  Buck  W.  S.  Moody 

Gano  Dunn  R.  A.  Philip 

H.  W.  Fisher  W.  H.  Powell 

H.  B.  Gear  Charles  Robbins 

J.  P.  Jackson  E.  B.  Rosa 

W.  L.  Merrill  Charles  P.  Stbinmetz 

Ralph  D.  Mershon  Calvert  Townlby 

This  committee  and  several  sub-committees  held  numerous  meetings 
at  which  the  general  revision  of  the  Standardization  Rules  of  the  Institute 
was  considered.  The  complete  Standardization  Rules,  as  revised  by  this 
committee,  were  presented  to  and  approved  by  the  Board  of  Directors  on 
June  27,  1911,  at  the  Annual  Convention  held  at  Chicago,  111. 

During  the  following  two  years  (1911-1913)  the  Standards  Committee^ 
somewhat  modified  and  enlarged,  undertook  a  radical  revision  of  the 
Rules,  particularly  in  connection  with  the  important  subject  of  Rating. 
In  August  1913  the  Committee  was  still  further  enlarged  by  the  Board 
of  Directors  in  order  to  permit  of  comprehensive  sub-committees  for  the 
various  parts  of  the  work.     The  Committee  thus  constituted  is  given  as 
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A.  E.  Kbnnblly,  Chairman, 
Comfort  A.  Adams.  Secretary. 
SUB-COMMITTEE  No.  1.  ON  RATING. 

H.  M.  Hob  ART,  Chairman. 
Jambs  Burke  W.  H.  Powell 

W.  C.  L;  Eglin  Charles  Robbins 

B.  G.  Lamme  C.  F.  Scott 

W.  A.  Layman  Jambs  M.  Smith 

W.  L.  Merrill  Charles  P.  Stbinmetz 

W.  S.  Moody  J.  Franklin  Stevens 

Philip  Torchio 
SUB-COMMITTEE  No.  2.  ON  TELEGRAPH  AND  TELEPHONE 

STANDARDS. 
F.  B.  Jewett,  Chairman, 
H.  W.  Fisher  R.  H.  Marriott 

F.  F.  FOWLE  J.  H.  MORECROFT 

J.  M.  Smith 
SUB-COMMITTEE  No.  3.  ON  RAILWAY  STANDARDS. 
W.  A.  Del  Mar,  Chairman. 
F.  W.  Cartbr*  William  McClbllan 

Hugh  Hazblton*  Harold  Pender 

B.  R.  Hill*  Martin  Schrbibbr* 

H,  M.  Hobart  N.  W.  Storbr* 

SUB-COMMITTEE  No.  4.  ON  NOMENCLATURE  AND  SYMBOLS. 
Comfort  A.  Adams,  Chairman. 
Louis  Bell  H.  Pender 

DuGALD  C.  Jackson  E.  B.  Rosa 

M.  G.  Lloyd  A.  S.  McAllister 

R.  H.  Marriott 

SUB-COMMITTEE    No.   5.   ON    WIRES  AND  CABLES. 
H.  W.  Fisher,    Chairman. 
Wallace  Clark  E.  B.  Rosa 

W.  A.  Del  Mar  C.  E.  Skinner 

W.  C.  L.  Eglin  S.  W.  Stratton 

SUB-COMMITTEE  NO.  6.  ON  RATING  AND  TESTING  OF  CON- 
TROL APPARATUS. 
L.  T.  Robinson,  Chairman. 
Morton  Arendt  C.  H.  Sharp 

N.  A.  Carle  P.  H.  Thomas 

Philip  Torchio 

Sub-committee  No.  1  had  representation  from  the  National  Electric  Light  AsiociatioB 
(Meatrt.  L.  L.  Elden.  G.  L.  Knight.  J.  B.  Kearns.  and  B.  P.  Dillon),  from  the  Association  of 
Edison  Illuminating  Companies  ( Mr.  P.  Torchio)  and  from  the  Electric  Power  Club  (Mewrt. 
Jatnea  Burke  and  J.  M.  Smith). 

Sub-committee  No.  3,  through  Messrs.  Schreiber  and  Del  Mar,  respectively,  worked  in 
collaboration  with  the  Committees  of  the  American  Electric  Railway  Engineering  Asso- 
ciation, and  the  Association  of  Railway  Electrical  Engineers. 

«Sub-committee  No.  3  was  a  joint  subcommittee  of  the  Standards  Committee  and  of  the 
Railway  Committee.  The  members  opposite  whose  names  occurs  an  asterisk,  represented 
the  latter  committee. 

The  following  members,  although  not  appointed  on  the  Standards  Committee,  have  ma- 
terially contributed  to  its  work  and  have  attended  its  meetings: 

Caffj.  Pechhdmer,  E.  D.  Priest.  R.  B.  Williamson.  K.  A.  Pauly.  L.  P.  Blume,  C  Rensh^w. 
O.  H.  Bin,  C.  J.  Hlxsoa.  ^  t 
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The  radical  revision  begun  in  1911  was  completed  by  this  Committee 
and  approved  by  the  Board  of  Directors  at  a  special  meeting  held  on 
July  10,  1914,  subject  to  editorial  revision  by  the  Committee,  and  to  go 
into  force  on  Dec.  1,  1914. 

The  Committee  of  1914-1915  which  carried  out  the  editorial  revision, 
found  it  impossible  to  complete  the  work  satisfactorily,  by  Dec.  1st. 
The  edition  of  July  1st,  1915,  approved  by  the  Board  of  Directors  at  its 
meeting  of  June  30,  1915,  thus  represents  substantially  the  completion 
and  clarification  of  the  previous  radical  revision,  although  it  includes 
a  number  of  important  additions.  This  Committee  was  constituted  as 
follows: 

A.  B.  KBNNBLLY,  Chairman,  Harvard  University.  Cambridge,  Man. 

C.  A.  ADAMS,  Secretary.  Harvard  University,  Cambridge,  Mass. 
JAMBS  BURKB.  Brie,  Pa.  W.  H.  POWBLL.  Milwaukee.  Wis. 

W.  A.  DBL  MAR.  New  York.  CHARLBS  ROBBINS.  Bast  Pitteborgh.  Pa. 

H.  W.  PISHBR,  Perth  Amboy.  N.  J.  L.  T.  ROBINSON.  SchenecUdy.  N.  Y. 

O.  L.  KNIOHT,  Brooklyn.  N.  Y.  B.  B.  ROSA.  Washington.  D.  C. 

H.  M.  HOBART.  Schenectady.  N.  Y.  C.  B.  8KINNBR.  Bast  PitUburgh.  Pa. 

P.  B.  JEWBTT.  New  York.  J.  M.  SMITH.  New  York. 

P.  JUNKBRSPELD.  Chicago.  III.  H.  O.  STOTT.    New  York. 

W.  L.  MBRRILL.  Schenectady.  N.  Y.  P.  H.  THOMAS.  New  York. 

During  1915-16  a  number  of  changes,  deletions  and  additions  were 
made.     The  1915-16  Committee  was  constituted  as  follows: 

C.  A.  ADAMS.  Chairman.  Harvard  University,  Cambridge.  Mass. 
HAROLD  PENDER.  SecreUry.  Univ.  of  Pennsylvania,  Philadelphia.  Pa. 

FREDERICK  BEDELL.  P.  JUNKBRSPELD. 

L.  F.  BLUME,  A.  E.  KENNELLY. 

JAMES  BURKE.  G.  L.  KNIGHT. 

N.  A.  CARLE.  A.  S.  McALLISTER. 

E.  J.  CHENEY.  W.  M.  McCONAHEY. 
PRANK  P.  COX.                                   W.  L.  MBRRILL. 

W.  A.  DEL  MAR.  R.  B.  OWENS. 

W.  P.  DURAND.  CHARLES  ROBBINS. 

H.  W.  FISHER.  L.  T.  ROBINSON. 

H.  M.  HOBART,  E.  B.  ROSA. 

F.  B.  JEWBTT.  C.  E.  SKINNER, 

H.  G.  STOTT. 

In  addition  to  the  members  of  the  Standards  Committee,  the  following 
members  of  the  Institute  have  served  on  one  or  more  of  the  various  sub- 
committees: J.  R.  C.  Arjnstrong,  H.  S.  Baldwin,  Joseph  Bijur,  G.  A. 
Bumham,  W.  S.  Clark.  L.  W.  Chubb,  F.  M.  Farmer.  G.  M.  W.  Goettling, 
J.  D.  Hamden,  R.  E.  Hellmund,  C.  T.  Henderson,  E.  M.  Hewlett.  Guy 
Hill,  H.  D.  James,  Paul  MacGahan,  J.  N.  Mahoney,  H.  S.  Osborne, 
K.  A.  Pauly,  C.  H.  Sharp,  T.  H.  Schoepf,  P.  H.  Thomas,  Philip 
Torchio.    M.  O.  Troy.  J.  L.  Woodbridge. 

The  following  societies  directly  and  through  the  committees  named, 
have  given  helpful  cooperation  in  the  present  revision  of  the  Rules: 

American  Society  for  Testing  Materials. 
Committee  B-1. 

Association  of  Edison  Illuminating  Companies, 
Committee  on  Meters. 


Digitized  by  LjOOQ IC 


STANDARDIZATION  RULES  OP  THE  A.  L  E.  E.        1566 

Illuminating  Engineering  Society, 
Committee  on  Nomenclatiire  and  Standards. 

Electric  Power  Club, 
Committee  on  Engineering  Recommendations;   Standardization  Com- 
mittee. 

National  Electric  Light  Association 

Committee  on  Meters. 

Committee  on  Apparatus. 

Association  of  Railway  Electrical  Engineers 
Committee  on  Wires  and  Cables. 

American  Electric  Railway  Engineering  Association, 
Committees  on  Equipment  and  Distribution. 

Institute  of  Radio  Engineers, 
Committee  on  Standardization. 

Society  of  Automobile  Engineers, 
Standards  Committee 

Of  particular  value  in  the  present  revision  of  the  Rules  has  been  the 
very  cordiSl  cooperation  of  the  British  Engineering  Standards  Committee, 
which  was  represented  at  the  final  meeting  of  the  Standards  Committee 
on  May  15  and  16  by  its  Electrical  Secretary,  Mr.  C.  le  Maistre,  who  came 
from  London  to  New  York  for  this  express  purpose.  The  British  Engi- 
neering Standards  Committee  is  supported  by  the  following  British  So- 
cieties: The  Institution  of  Civil  Engineers,  the  Institution  of  Mechanical 
Engineers,  The  Institution  of  Naval  Architects,  The  Iron  and  Steel 
Institute,  The  Institution  of  Electrical  Engineers.. 

In  order  to  crystalize  the  policy  of  the  Standards  Committee  in  its 
own  activities,  and  in  its  relation  to  similar  committees  of  other  engineer- 
ing societies,  the  1916-16  Standards  Committee  formulated  the  by-laws 
given  on  the  next  page.  These  were  approved  by  the  Board  of  Direc- 
tors June  28,  1916. 


NOTB. 

The  Standards  Committee  takes  this  occasion  to  draw  the  attention 
of  the  membership  to  the  value  of  suggestions  based  upon  experience  gained 
in  the  application  of  the  Rules  to  general  practise. 

Any  suggestions  looking  toward  improvement  in  the  Rules  should  be 
communicated  to  the  Secretary  of  the  Institute,  *for  the  guidance  of  the 
Standards  Committee  in  the  preparation  of  future  editions. 
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BY-LAWS  OF  THE  STANDARDS  COMMITTEE  OF  THE 

A*  1*  Ctt  £#• 

In  Section  28  of  the  By-Laws  the  duties  of  the  Standards  Committee 
are  stated  as  follows: 

"  The  Standards  Committee  shall  consider  and  investigate  all  matters 
relating  to  units  and  standards  appertaining  to  or  applicable  in  electrical 
engineering  and  in  the  allied  arts  and  sciences.  The  Committee  shall 
make  reports  and  recommendations  to  the  Board  of  Directors  for  action^ 
thereon." 

The  following  by-laws  are  in  accord  with  this  section  of  the  Con- 
stitution. 

1  These  by-laws,  when  approved  by  the  Board  of  Directors,  shall 
supersede  all  former  resolutions  governing  the  action  and  policy  of 
the  Standards  Committee. 

2  The  minutes  of  each  meeting,  marked  *'Not  for  Publica- 
tion," shall  be  sent  by  the  Secretary  to  each  member  of 
the  Committee.  These  minutes  shall  contain  a  summary  of 
the  reasons  presented  for  and  against  any  amendment  or  ad- 
dition to  the  Standardization  Rules  which  may  be  discussed 
at  the  meeting.  An  amendment  or  addition  adopted  by  the  Com- 
mittee shall  be  marked  in  the  minutes  in  a  distinctive  manner. 

8  All  amendments  and  additions  adopted  by  the  Committee  during 
any  fiscal  year  may  be  reconsidered  by  the  Committee  at  any 
time,  and  shall  be  reviewed  at  its  meeting  held  in  May,  and 
only  those  amendments  and  additions  confirmed  at  this  meet- 
ing shall  be  presented  to  the  Board  of  Directors  for  their  ap- 
proval. Three-fourths  of  the  votes  of  those  present  and  voting  shall 
be  necessary  for  such  confirmation.  Any  objection  or  change  to  be 
considered  at  this  meeting  shall  be  submitted  in  writing  prior  to 
the  meeting  and  no  action  other  than  a  vote  for  or  against  confirm- 
ation of  any  previous  action  of  the  Committee  shall  be  taken  at  this 
meeting,  except  upon  the  unanimous  vote  of  those  present. 

4  Amendments  and  additions  to  the  Standardization  Rules 
adopted  by  the  Committee  are  not  in  force  until  approved  by  the 
Board  of  Directors,  and  may  be  reconsidered  by  the  Committee  at 
any  time. 

6  Cooperation  is  desirable  between  the  Standards  Committee  of 
the  Institute  and  other  standards  committees.  To  this  end,  a  report, 
marked  "Not  For  Publication,"  of  the  amendments  and  additions 
adopted  at  each  meeting  of  the  Committee  shall  be  sent  to  those 
standards  committees  with  which  cooperation  has  been  established. 

6  An  objection  from  a  cooperating  standards  committee  to  an  action 
taken  by  this  Committee  shall  be  considered  at  the  next  meeting  of 
this  Committee  following  the  receipt  of  a  written  statement  of  this 
objection,  provided  such  objection  be  submitted  within  thirty  days 
of  the  date  on  which  was  mailed  the  report  of  the  action  to  which 
objection  is  made. 
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A  notice  from  another  standards  committee  of  a  pending  ob- 
jection shall,  however,  suffice  for  an  extension  of  time.  In  the 
case  of  foreign  standards  committees,  the  time  allowed  for  an  objec- 
tion to  be  filed  may  be  extended  at  the  option  of  this  Committee. 

A  cooperating  standards  committee  which  may  submit  an  objec- 
tion to  a  previous  action  of  this  Committee  shall  be  invited  to  send 
a  representative  to  the  meeting  or  meetings  of  this  Committee  at 
which  such  objection  is  scheduled  for  consideration. 

Whenever  a  new  edition  of  the  Rules  is  issued,  old  Rules  in  which 
changes  other  than  typographical  corrections  have  been  made,  and 
all  additions  and  deletions,  shall  be  distinctively  indicated. 

Amendments  and  additions  to  these  By-Laws  may  be  npade  by 
this  Committee,  subject  to  the  approval  of  the  Board  of  Directors. 


OTHER  APPROVED   STANDARDIZATION  RULES 

At  the  April  meeting  the  Standards  Committee  passed  the  fol- 
lowing resolution,  which  was  approved  by  the  Board  of  Directors 
on  April  14th: 

"  The  Standards  Committee,  with  the  approval  of  the  Board  of 
Directors,  recommends  the  use  of  the  following  rules  and  standards 
as  adopted  by  other  societies.  These  have  been  formally  presented 
to  the  Standards  Committee  by  the  societies  concerned  and  are 
found  not  to  be  incompatible  with  the  Standardization  Rules." 

The  Standards  Committee  will  be  pleased  to  receive  from  any  of 
the  engineering  societies  such  standardization  rules  as  they  may  care 
to  have  included  in  this  list.  Such  rules  will  be  included  (by  title 
only)  if  they  are  found  not  to  be  incompatible  with  the  Standardiza- 
tion Rules  of  the  A.  I.  E.  E. 
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STANDARDIZATION  RULES 

OF  THE 

AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS 


DEFINITIONS 

Note.     The  following  definitions  are  intended  to  be  practically 
descriptive,  rather  than  scientifically  rigid. 

CURRENT,  E.M.F.  and  POWER. 

(The  definitions  of  currents  given  below  apply  also,  in  most  cases, 
to  electromotive  force,  potential  difiference,  magnetic  flux,  etc.) 

1  Direct  Current.  A  unidirectional  current.  As  ordinarily  used, 
the  term  designates  a  practically  non-pulsating  current. 

2  Pulsating  Current.  A  current  which  pulsates  regularly  in 
magnitude.  As  ordinarily  employed,  the  term  refers  to  unidirec- 
tional current. 

3  Continuous  Current.     A  practically  non-pulsating  direct  current. 

4  Alternating  Current.  A  current  which  alternates  regularly 
in  direction.  Unless  distinctly  otherwise  specified,  the  term 
**  alternating  current  "  refers  to  a  periodic  current  with  successive 
half  waves  of  the  same  shape  and  area. 

5  Oscillating  Current.  A  periodic  current  whose  frequency  is 
determined  by  the  constants  of  the  circuit  or  circuits. 

6  Cycle.  One  complete  set  of  positive  and  negative  values  of  an 
alternating  current. 

7  Electrical  Degree.     The  360th  part  of  a  cycle. 

8  Period.  The  time  required  for  the  current  to  pass  through  one 
cycle. 

9  Frequency.  The  number  of  cycles  or  periods  per  second.  The 
product  of  2x  by  the  frequency  is  called  the  angular  velocity  of  the 
current. 

10  Root-Mean-Square  or  Effective  Value.  The  square  root  of 
the  mean  of  the  squares  of  the  instantaneous  values  for  one 
complete  cycle.  It  is  usually  abbreviated  r.m.s.  Unless  otherwise 
specified,  the  numerical  value  of  an  alternating  current  refers  to 
its  r.m.s.  value.  The  r.m.s.  valueof  a  sinusoidal  wave  is  equal  to  its 
maximum,  or  crest  value,  divided  by  V  2.  The  word  "  virtual  " 
is  sometimes  used  in  place  of  r.m.s.,  particularly  in  Great  Britain. 

11  Wave-Form  or  Wave-Shape.  The  shape  of  the  curve  obtained 
when  the  instantaneous  values  of  an  alternating  current  are 
plotted  against  time  in  rectangular  co-ordinates.  The  distance  along 
the  time  axis  corresponding  to  one  complete  cycle  of  values  is  taken 
as  2t  radians,  or  360  degrees.  Two  alternating  quantities  are  said 
to  have  the  same  wave-form  when  their  ordinates  of  corresponding 
phase  (see  S  13)  bear  a  constant  ratio  to  each  other.  The  wave- 
shape, as  thus  understood,  is  therefore  independent  of  the  frequency 
of  the  current  and  of  the  scale  to  which  the  curve  is  plotted. 
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12  Simple  Altematiiig  or  Sinusoidal  Current.  One  whose  wave- 
shape is  sinusoidal. 

Alternating-current  calculations  are  commonly  based  upon  the  as- 
sumption of  sinusoidal  currents  and  voltages. 

19  Phase.  The  distance,  usually  in  angular  measure,  of  the  base  of 
any  ordinate  of  an  alternating  wave  from  any  chosen  point  on  the 
time  axis,  is  called  the  phase  of  this  ordinate  with  respect  to  this  point. 
In  the  case  of  a  sinusoidal  alternating  quantity,  the  phase  at  any  in- 
stant may  be  represented  by  the  corresponding  position  of  a  line  or 
vector  revolving  about  a  point  with  such  an  angular  velocity  (O)  —  2irf), 
that  its  projection  at  each  instant  upon  a  convenient  reference  line 
is  proportional  to  the  value  of  the  quantity  at  that  instant. 

14  Non-Sinusoidal  Quantities.  Quantities  that  cannot  be  rep- 
resented by  vectors  of  constant  length  in  a  plane.  The  fol- 
lowing definitions  of  phase,  active  component,  reactive  component, 
etc.,  are  not  in  general  applicable  thereto.  Certain  "  equivalent  " 
values,  as  defined  below,  may,  however,  be  used  in  many  instances, 
for  the  purpose  of  approximate  representation  and  calculation. 

15  Crest-Factor  or  Peak-Factor.  The  ratio  of  the  crest  or 
maximum  value  to  the  r.m.s.  value.  The  crest  factor  of  a  sine- 
wave  is  v/J! 

16  Form  Factor.^  The  ratio  of  the  r.m.s.  to  the  algebraic  mean 
ordinate  taken  over  a  half-cycle  beginning  with  the  zero  value.  If 
the  wave  passes  through  zero  more  than  twice  during  a  single  cycle, 
that  zero  shall  be  taken  which  gives  the  largest  algebraic  mean  for 
the  succeeding  half -cycle.     The  form  factor  of  a  sine- wave  is  1.11. 

17  The  Distortion  Factor  of  a  wave.  The  ratio  of  the  r.m  s.  value 
of  the  first  derivative  of  the  wave  with  respect  to  time,  to  the  r.m.s. 
value  of  the  first  derivative  of  the  equivalent  sine  wave. 

18  Equivalent  Sine  Wave.  A  sine  wave  which  has  the  same 
frequency  and  the  same  r.m.s.  value  as  the  actual  wave. 

*19  Phase  Difference:  Lead  and  Lag.  When  corresponding  cyclic 
values  of  two  sinusoidal  alternating  quantities  of  the  same  fre- 
quency occur  at  different  instants,  the  two  quantities  are  said  to 
differ  in  phase  by  the  angle  between  their  nearest  corresponding 
values;  e.f.,  the  phase  angle  between  their  nearest  ascending  zeros  or 
between  their  nearest  positive  maxima.  That  quantity  whose 
maximum  value  occurs  first  in  time  is  said  to  lead  the  other,  and 
the  latter  is  said  to  lag  behind  the  former. 

*20  Counter-clockwise  Convention.  It  is  recommended  that 
in  any  vector  diagram,  the  leading  vector  be  drawn  counter- 
clockwise with  respect  to  the  lagging  vector,  f  as  in  the 
accompanying  diagram,  where  01  represents  the  vector  of 
a  current  in  a  simple  alternating-current  circuit,  lagging 
behind  the  vector  OE  of  impressed  e.m.f. 

*Note:  Definitions  19,  20,  21.  22.  23.  24,  25  refer  strictly  onljr  to  cases  where  the 
voltage  and  current  are  both  sinusoidal  (see  $11  and  13). 

fSee  Publication  of  12  the  International  Blectrotechnical  Commission  (Report  of 
Turin  meeting.  Sept.  1911,  p.  78). 
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*21  The  Active  or  In-Phase  Component  of  the  current  in  a 
circuit  is  that  component  which  is  in  phase  with  the  voltage  across 
the  circuit;  similarly  thd  active  component  of  the  voltage  across  a 
circuit  is  that  component  which  is  in  phase  with  the  current.  The 
use  of  the  term  energy  component  for  this  quantity  is  disapproved. 

^2  Reactive  or  Quadrature  Component  of  the  current  in  a  cir- 
cuit. That  component  which  is  in  quadrature  with  the  volt- 
age across  the  circuit;  similarly,  the  reactive  component  of  the 
voltage  across  the  circuit  is  that  component  which  is  in  quadrature 
with  the  current.  The  use  of  the  term  wcUtless  component  for  this 
quantity  is  disapproved. 

*29  Reactive  Factor.  The  sine  of  the  angular  phase  difference 
between  voltage  and  current;  t.  e.,the  ratio  of  the  reactive  current  or 
voltage  to  the  total  current  or  voltage. 

•24  Reactive  Volt-Amperes.  The  product  of  the  reactive  component 
of  the  voltage  by  the  total  current,  or  of  the  reactive  component 
of  the  current  by  the  total  voltage. 

•25  Non-inductive  Load  and  Inductive  Load.  A  non-inductive  load  is  a 
load  in  which  the  current  is  in  phase  with  the  voltage  across  the  load. 
An  inductive  load  is  a  load  in  which  the  current  lags  behind  the 
voltage  across  the  load.  A  condensive  or  anti-inductive  load  is  one 
in  which  the  current  leads  the  voltage  across  the  load. 
2S  Power  in  an  Alternating-Current  Circuit.  The  average  value 
of  the  products  of  the  coincident  instantaneous  values  of 
the  current  and  voltage  for  a  complete  cycle,  as  indicated  by 
a  wattmeter. 

27  Volt-Amperes  or  Apparent  Power.  The  product  of  the 
r.m.s.  value  of  the  voltage  across  a  circuit  by  the  r.m.s.  value  of  the 
current  in  the  circuit.     This  is  ordinarily  expressed  in  kv-a. 

28  Power  Factor.  The  ratio  of  the  power  (cyclic  average  as 
defined  in  |26)  to  the  volt-amperes.  In  the  case  of  sinusoidal  cur- 
rent and  voltage,  the  power  factor  is  equal  to  the  cosine  of  their  differ- 
ence in  phase. 

29  Equivalent  Phase  Difference.  When  the  current  and  e.m.f. 
in  a  given  circuit  are  non-sinusoidal,  it  is  customary,  for  pur- 
poses of  calculation,  to  take  as  the  '*  equivalent  "  phase  difference, 
the  angle  whose  cosine  is  the  power  factor  (see  128)  of  the  circuit. 
There  are  cases,  however,  where  this  equivalent  phase  difference  is 
misleading,  since  the  presence  of  harmonics  in  the  voltage  wave,  cur- 
rent wave,  or  in  both,  may  reduce  the  power  factor  without  producing 
a  corresponding  displacement  of  the  two  wave  forms  with  respect  to 
each  other;  e,g,,  the  case  of  an  a-c.  arc.  In  such  cases,  the  com- 
ponents of  the  equivalent  sine  waves,  the  equivalent  reactive  factor 
and  the  equivalent  reactive  volt-amperes  may  have  no  physical  sig- 
nificance. 

80  Single-Phase.  A  term  characterizing  a  circuit  energized  by  a 
single  alternating  e.m.f.     Such  a  circuit  is  usually  supplied  through 

*Note:   Definitions  19.  20.  21.  22.  23.  24.  25  refer  strictly  only  to  cases  where  th« 
voltage  and  current  »ro  bg^h  wnujoidal  (see  §11  and  12).  r^  1 
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two  wires.     The  currents  in  these  two  wires,  counted  positively  out- 
wards from  the  source,  differ  in  phase  by  180  degrees  or  a  half-cyde. 

91  Three-Phase.  A  term  characterizing  the  combination  of  three 
circuits  energized  by  alternating  e.m.f.'s.  which  differ  in  phase  by 
one-third  of  a  cycle;  i.e.,  120  degrees. 

92  Quarter-Phase,  also  called  Two-Phase.  A  term  charac- 
terizing the  combination  of  two  circuits  energized  by  alternating 
e.m.f's.  which  differ  in  phase  by  a  quarter  of  a  cycle;  i.e.,  90  degrees. 

99  Six-Phase.  A  term  characterizing  the  combination  of  six  cir- 
cuits energized  by  alternating  e.m.f's.  which  differ  in  phase  by  one 
sixth  of  a  cycle;  i.e.,  60  degrees. 

94       Polyphase.     A  general  term  applied  to  any    system    of   more 
than  a  single  phase.     This  term  is  ordinarily  applied  to  symmetrical 
systems. 
Per  Cent  Drop. 

60  In  electrical  machinery,  the  ratio  of  the  internal  resistance  drop  to 
the  terminal  voltage,  expressed  in  per  cent,  is  called  the  "  per  ceni 
resistance  drop." 

61  Similarly  the  ratio  of  the  internal  reactance  drop  to  the  terminal 
voltage,  expressed  in  per  cent,  is  called  the  '*  per  cent  reactance  drop." 

62  Similarly  the  ratio  of  the  internal  impedance  drop  to  the  terminal 
voltage,  expressed  in  per  cent,  is  called  the  "  per  cent  impedance  drop.** 

Unless  otherwise  specified,  these  per  cent  drops  shall  be  referred  to 
rated  load  and  rated  power  factor. 

69  In  the  case  of  transformers,  the  per  cent  drop  will  be  the  sum  of 
the  primary  drop  (reduced  to  secondary  turns)  and  the  secondary 
drop,  in  per  cent  of  secondary  terminal  voltage. 

64  In  the  case  of  induction  motors,  it  is  advantageous  to  express  the 
drops  in  per  cent  of  the  internally  induced  e.m.f. 

66  The  Load  Factor  of  a  machine,  plant  or  system.  The  ratio 
of  the  average  power  to  the  maximum  power  during  a  certain  period 
of  time.  The  average  power  is  taken  over  a  certain  period  of  time, 
such  as  a  day,  a  month,  or  a  year,  and  the  maximum  is  taken  as  the 
average  over  a  short  interval  of  the  maximum  load  within  that  period. 
In  each  case,  the  interval  of  maximum  load  and  the  period  over 
which  the  average  is  taken  should  be  definitely  specified,  such 
as  a  "  half -hour  monthly"  load-factor.  The  proper  interval  and 
period  are  usually  dependent  upon  local  conditions  and  upon  the 
purpose  for  which  the  load  factor  is  to  be  used. 

66  Plant  Factor.  The  ratio  of  the  average  load  to  the  rated  capacity 
of  the  power  plant,  i.e.,  to  the  aggregate  ratings  of  the  generators. 

67  The  Demand  of  an  Installation  or  System  is  the  load  which  is 
drawn  from  the  source  of  supply  at  the  receiving  terminals  averaged 
over  a  suitable  and  specified  interval  of  time.  Demand  is  expressed 
in   kilowatts,    kilovolt-amperes,    amperes,   or  other  suitable  units. 

68  The  Maximum  Demand  of  an  Installation  or  System  is  the  greatest 
of   all  the   demands    which    have  occurred  during  a  givei:^  period. 

Digitized  by  LjOOQ IC 


STANDARDIZATION  RULES  OF  THE  A.  L  E,  J2.        1563 

It   is   determined    by   measurement,    according    to    specifications, 
over  a  prescribed  time  interval. 

59  Demand  Factor.  The  ratio  of  the  maximum  demand  of 
any  system  or  part  of  a  system,  to  the  total  connected  load  of  the 
system,  or  of  the  part  of  system  under  consideration. 

60  Diversity  Factor.  The  ratio  of  the  sum  of  the  maximum 
power  demands  of  the  subdivisions  of  any  system  or  parts  of  a  system 
to  the  maximum  demand  of  the  whole  system  or  of  the  part  of  the  sys- 
tem under  consideration,  measured  at  the  point  of  supply. 

61  Connected  Load.  The  combined  continuous  rating  of  all  the  re- 
ceiving apparatus  on  consumers'  premises,  connected  to  the  system 
or  part  of  the  system  under  consideration. 

62  The  Saturation  Factor  of  a  machine.  The  ratio  of  a  small 
percentage  increase  in  field  excitation  to  the  corresponding 
percentage  increase  in  voltage  thereby  produced.  Unless  other- 
wise specified,  the  saturation  factor  of  a  machine  refers  to  the 
no-load  excitation  required  at  normal  rated  speed  and  voltage.  It  is 
determined  from  measurements  of  saturation  made  on  open  circuit  at 
rated  speed. 

63  The  Percentage  Saturation  of  a  machine  at  any  excitation 
may  be  found  from  its  saturation  curve  (generated  voltage  as 
ordinates,  against  excitation  as  abscissas),  by  drawing  a  tangent  to 
the  curve  at  the  ordinate  corresponding  to  the  assigned  excitation^ 
and  extending  the  tangent  to  intercept  the  axis  of  ordinates  drawn 
through  the  origin.  The  ratio  of  the  intercept  on  this  axis  to  the  ordi- 
nate at  the  assigned  excitation,  when  expressed  in  percent,  is  the 
percentage  saturation,  and  is  independent  of  the  scales  selected  for 
excitation  and  voltage.  This  ratio,  as  a  fraction,  is  equal  to  the 
reciprocal  of  the  saturation-factor  at  the  same  excitation,  deducted 
from  unity;  or,  if  /  be  the  saturation  factor  and  ^  the  percentage 
saturation, 

^  -  100  I 


(-7) 


64  Magnetic  Degree.  The  360th  part  of  the  angle  subtended,  at  the 
axis  of  a  machine,  by  a  pair  of  its  field  poles.  One  mechanical 
degree  is  thus  equal  to  as  many  magnetic  degrees  as  there  are  pairs 
of  poles  in  the  machine. 

65  The  Variation  in  Prime  Movers  which  do  not  give  an  ab- 
solutely uniform  rate  of  rotation  or  speed,  as  in  reciprocating  steam 
engines,  is  the  maximum  angular  displacement  in  position  of  the  re- 
volving member  expressed  in  degrees,  from  the  position  it  would 
occupy  with  uniform  rotation,  and  with  one  revolution  taken  as  360 
degrees. 

66  The  Variation  in  Alternators  or  alternating- current  circuits 
in  general,  is  the  maximum  angular  displacement,  expressed  in 
electrical  degrees,  (one  cycle  —  360  deg.)  of  corresponding  ordinates 
of  the  voltage  wave  and  of  a  wave  of  absolutely  constant  frequency 
equal  to  the  average  frequency  of  the  alternator  or  circuit  in  ques- 
tion, and  may  be  due  to  the  variation  of  the  prime  mover. 
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67  Relations  of  Variations  in  Prime  Mover  and  Alternator.  If  p  is  the 
number  of  pairs  of  poles,  the  variation  of  an  alternator  is  p  times  the 
variation  of  its  prime  mover,  if  direct-connected,  and  pn  times  the 
variation  of  the  prime  mover  if  rigidly  connected  thereto  in  such  a 
manner  that  the  angtilar  speed  of  the  alternator  is  n  times  that  of  the 
prime  mover. 

68  The  Pulsation  in  a  Prime  Mover,  or  in  the  alternator  con- 
nected thereto.  The  ratio  of  the  difference  between  the  maximum 
and  minimum  velocities  in  an  engine-cycle  to  the  average  velocity. 

80  Capacity.  The  two  different  senses  in  which  this  word  is  used 
sometimes  lead  to  ambiguity.  It  is  therefore  recommended  that 
whenever  such  ambiguity  is  likely  to  arise,  the  descriptive  term  power 
capacity  or  curretU  capacity  be  used,  when  referring  to  the  power  or 
current  which  a  device  can  safely  carry,  and  that  the  term  "  CapacU- 
ance  **  be  used  when  referring  to  the  electrostatic  capacity  of  a  device. 

81  Resistor.  A  device,  heretofore  commonly  known  as  a  resistance, 
used  for  the  operation,  protection,  or  control  of  a  circuit  or  circuits 
See  i  no. 

82  Reactor.  A  coil,  winding  or  conductor,  heretofore  commonly 
known  as  a  reactance  coil  or  choke  coil,  possessing  inductance, 
the  reactance  of  which  is  used  for  the  operation,  protection  or  con- 
trol of  a  circuit  or  circuits.     See  also  1 214  and  736. 

88  Efficiency.  The  efficiency  of  an  electrical  machine  or  apparatus 
is  the  ratio  of  its  useful  output  to  its  total  input. 

TABLE  I. 
90  Symbols  and  Abbreviations. 

Symbol  for  Abbreviation 
Name  of  Quantity.            the  Quantity.           Unit.        for  the  Unit. 
Electromotive  force,  abbre- 
viated e.m.f E,§                   volt  .... 

Potential  difference,  abbre- 
viated p.d V,v  or  E,$  " 

Voltage E.eoT  V,v 

Current /,  •  ampere 

Quantity  of  electricity Q,  q         f      coulomb,    1 

\  ampere-hour  / 

Power P,  p  watt 

Electrostatic  flux ^  

Electrostatic  flux  density. .         D  .... 

Electrostatic  field  intensity        P 

Magnetic  flux <P,  ^  maxwell 

Magnetic  flux  density B,  (B  gauss 


Magnetic  field  intensity H,  JC 


gilbert  per           gilbert  per 
centimeter           cm. 
or  gausst  


tThe  gauM  is  provisionally  accepted  for  the  present  as  the  name  of  both  the  unit  of 
field  intensity  and  flux  density,  on  the  assumption  that  permeability  is  a  simple  numeric. 
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Magnetomotive    force,  ab- )  eilbert* 

breviated  m.m.f f       5 

Intensity  of  magnetization.          /                    .... 

Susceptibility ic  =»  J/H             

Permeability /i  =  B/H            

Resistance R,  r                   ohm  .... 

Reactance X^  x                    **  

Impedance Z,  i                      "  .... 

Conductance g                   mho  .... 

Susceptance h                     "  .... 

Admittance K,  y                    "  .... 

Resistivity .• p       f  t  ohm-centi-     1  ohm-cm. 

\  meter         J 

Conductivity y       (  fmho  per  cen-  1  mho  per 

\        timeter        J  cm. 

Dielectric  constant €  or  ife             ....  .... 

Reluctance (R                    ....  .... 

Capacitance   (Electrostatic  I        ^                     .       .  

capacity)..    f      ^  '»™d 

Inductance  (or  coefficient      ) 

of  self  induction) J                              henry  .... 

Mutual  Inductance  (or  co-  ) 

efficient  of  mutual  induction)  f  nenry 

Phase  displacement d,  <p        /  ^®?f®®  °^ 

\  radian 

Frequency /        cycle  per  second  '^ 

,     .                                             r  radian  per  .... 

Angular  velocity (a  <  ^^^^^ 

Velocity  of  rotation n          (  ^^^^olution  rev.  per 

1  per  second  sec. 
Number  of   conductors  ^^          %f         \  convolution 

^^^^^ I  or  turns  of  wire 

Temperature T,  t,  B        degree    centi-  C 

grade 

Energy,  in  general U  ox  W       joule,  watt- hour  

Mechanical  work W  ox  A       joule,  watt-hour  .... 

Efficiency ly                 .  per  cent  .... 

Length /                  centimeter  cm. 

Mass m                    gram  g. 

Time I                    second  sec. 

*An  additional  unit  for  m.  m.  f.  is  the  "ampere-turn,"  (or  flux  the  "line,"  for  mag- 
netic flux-density  "maxwells  per  sq.  in." 

^Not9.  The  numerical  values  of  these  quantities  are  ohms  resistance  and  mhos  con- 
ductance between  two  opposite  faces  of  a  cm.  cube  of  the  material  in  question,  but  the 
correct  names  are  as  given,  not  ohms  and  mhos  per  cm.  cube,  as  commonly  stated 
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Acceleration  due  to  gravity 


Standard  acceleration  due  to 
gravity  (at  about  46  deg. 
latitudeand  sea  level)  equals 
980.665t 


centimeter 

cm. 

per  second 

per  sec. 

per  second 

per  sec. 

centimeter 

cm  .per 

per  second 

sec. 

per  second 

per  sec. 

91  Em%  Im  and  Pm  should  be  used  for  maximum  cyclic  values,  e,  i  and 
p  for  instantaneous  values,  E  and  /  for  r.m.s.  values  (see  t^O)  and 
P  for  the  average  value  of  the  power,  or  the  active  power.  These 
distinctions  are  not  necessary  in  dealing  with  continuous-current 
circuits.  In  print,  vector  quantities  should  be  represented  by  bold- 
face capitals. 

tThis  has  been  the  accepted  standard  value  for  many  years  and  was  formerly  con- 
sidered to  correspond  accurately  to  45°  Latitude  and  sea  level.  Later  researches, 
however,  have  shown  that  the  most  reliable  value  for  45°  and  sea-level  is  slightly 
different;   but  this  does  not  affect  the  standard  value  given  above. 
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CLASSIFICATION  OF  MACHINERY 

100  The  machinery  under  consideration  in  these  rules  may  be  classified 
in  various  ways,  these  various  classifications  overlapping  or  inter- 
locking in  considerable  degree.  Briefly,  they  are  Direct-Current 
or  Alternating-Current,  Rotating  or  Stationary.  Under  Rotating 
Apparatus  there  are  two  principal  classifications:  First,  according 
to  the  function  of  the  machines;  Motors,  Generators.  Boosters* 
Motor-Generators,  Dynamotors,  Double-Current  Generators,  Con- 
verters and  Phase  Advancers;  Second,  according  to  the  type  of 
construction  or  principle  of  operation;  Commutating,  Synchronous, 
Induction,  Unipolar,  Rectifying.  Obviously,  some  of  these  machines 
could  be  rationally  included  in  either  classification,  e,g.,  Motor-Gener- 
ators and  Rectifying  Machines. 

In  the  following,  self-evident  definitions  have  for  the  most  part, 
been  omitted. 

ROTATING  MACHINES. 
FUNCTIONAL  CLASSIFICATION  OF  ROTATING  MACHINES. 

101  Generator.  A  machine  which  transforms  mechanical  power  into 
electrical  power. 

102  Motor.  A  machine  which  transforms  electrical  power  into 
mechanical    power. 

103  Booster.  A  generator  inserted  in  series  in  a  circuit  to  change 
its  voltage.  It  may  be  driven  by  an  electric  motor  (in  which  case 
it  is  termed  a  motor-booster)  or  otherwise. 

104  Motor-Generator  Set.  A  transforming  device  consisting  of  a 
motor  mechanically  coupled  to  one  or  more  generators. 

106  Dynamotor.  A  transforming  device  combining  both  motor 
and  generator  action  in  one  magnetic  field,  either  with  two  armatures, 
or  with  one  armature  having  two  separate  windings  and  independent 
commutators. 

106  A  Direct-Current  Compensator  or  Balancer  comprises  two  or 
more  similar  direct-current  machines  (usually  with  shunt  or 
compound  excitation)  directly  coupled  to  each  other  and  connected  in 
series  across  the  outer  conductors  of  a  multiple- wire  system  of  dis- 
tribution, for  the  purpose  of  maintaining  the  potentials  of  the  in- 

-  termediate  wires  of  the  system,  which  are  connected  to  the  junction 
points  between  the  machines. 

107  A  Double- Current  Generator  supplies  both  direct  and  alternating 
currents  from  the  same  armature-winding. 

108  A  ConTerter  is  a  machine  employing  mechanical  rotation  in 
changing  electrical   energy  from   one  form  into   another.     Tber« 

are  several  types  of  converters  as  foUow:  C^r^r^n]^^ 
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109  A  Direct-Current  ConTerter  converts  from  a  direct 
current  to  a  direct  current,  usually  with  a  change  of  volt- 
age. Such  a  machine  may  be  either  a  motor-generator  set  or  a 
dynamotor. 

110  A  Synchronous  ConTerter  (sometimes  called  a  Rotary  Con- 
verter) converts  from  an  alternating  to  a  direct  current, 
or  vice-versa.  It  is  a  synchronous  machine  with  a  single 
closed-coil  armature  winding,  a  commutator  and  slip  rings. 

111  A  Cascade  Converter,  also  called  a  Motor  Converteri 
is  a  combination  of  an  induction  motor  with  a  synchron- 
ous converter,  the  secondary  circuit  of  the  former  feeding 
directly  into  the  armature  of  the  latter;  i.e.,  it  is  a  synchronous 
converter  concatenated  with  an  induction  motor. 

112  A  Frequency  Converter  converts  the  power  of  an  alter- 
nating-current system  from  one  frequency  to  another,  with 
or  without  a  change  in  the  number  of  phases,  or  in  the  voltage. 

113  A  Rotary  Phase-Converter  converts  from  an  alter- 
nating-current system  of  one  or  more  phases  to  an  alter- 
nating-current system  of  a  different  number  of  phases,  but 
of  the  same  frequency. 

114  AjPhase  Advancer  is  a  machine  which  supplies  reactive  volt- 
amperes  to  the  system  to  which  it  is  connected.  Phase  advancers 
may  be  either  synchronous  or  asynchronous. 

116  A  Synchronous  Condenser  or  Synchronous  Phase  Advancer 

is  a  synchronous  machine,  running  either  idle  or  with  load,  the 
field  excitation  of  which  may  be  varied  so  as  to  modify  the 
power-factor  of  the  system,  or  through  such  modification  to 
influence  the  load  voltage. 

CONSTRUCTIONAL  CLASSIFICATION  OF  ROTATING  MACHINES 

Commutating  Machines 

130  Direct-Current  Commutating  Machines  comprise  a  mag- 
netic field  of  constant  polarity,  an  armature,  and  a  com- 
mutator connected  therewith.  These  include:  Direct- Current 
Generators;  Direct- Current  Motors;  Direct- Current  Boosters; 
Direct- Current  Motor-Generator  Sets  and  Dynamotors;  Di- 
rect-Current  Compensators  or  Balancers;  and  Arc  Machines. 

131  Alternating-Current  Commutating  Machines*  comprise  a 
magnetic  field  of  alternating  polarity,  an  armature,  and  com* 
mutator  connected  therewith. 

132  Synchronous  Commutating  Machines  include  synchronous 
converters,  cascade-converters,  and  double-current  generators. 

133  Synchronous  Machines  comprise  a  constant  magnetic  field 
and     an    armature  receiving  or  delivering  alternating-currents   in 

*A  suggested  classification  of  alternating-current  commutator  motors  it  given  in 
tha  July  1016  Procbbdings  of  the  Institute 
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synchronism  with  the  motion  of  the  machine;  i,e,,  having  a  frequency 
strictly  proportional  to  the  speed  of  the  machine.  They  may  be 
sub-divided  as  follow: 

184  An  Alternator  is  a  synchronous  alternating-current  genera- 

tor, either  single-phase  or  polyphase. 

186  A  Polyphase  Alternator  is  a  polyphase  synchronous  alterna- 

ting-current generator,  as  distinguished  from  a  single-phase 
alternator. 

186  An    Inductor    Alternator    is     an    Alternator    in     which 

both  field  and  armature  windings  are  stationary,  and  in 
which  masses  of  iron  or  inductors,  by  moving  past  the  coils, 
alter  the  magnetic  flux  through  them.  It  may  be  either 
single-phase  or  polyphase. 

137  A  Synchronous  Motor  is  a  machine  structurally  identical 

with  an  alternator,  but  operated  as  a  motor. 

188  Induction  Machines  include  apparatus  wherein  primary  and 
secondary  windings  rotate  with  respect  to  each  other;  i.e„  in- 
duction motors,  induction  generators,  certain  types  of  frequency 
converters  and  certain  types  of  rotary  phase-converters. 

189  An  Induction  Motor  is  an  alternating-current  motor,  either 
.singlephase  or  polyphase,  comprising  independent  primary  and 
secondary  windings,  one  of  which,  usually  the  secondary,  is 
on  the  rotating  member.  The  secondary  winding  receives 
power  from  the  primary  by  electromagnetic  induction. 

140  An  Induction  Generator  is  a  machine  structurally  identical 
with  an  induction  motor,  but  driven  above  synchronous  speed 
as  an  alternating-current  generator. 

141  Unipolar  or  Acyclic  Machines  are  direct-current  machines,  in 
which  the  voltage  generated  in  the  active  conductors  maintains 
the  same  direction  with  respect  to  those  conductors. 

SPEED  CLASSIFICATION  OF  MOTORS. 

160  Motors  may,  for  convenience,  be  classified  with  reference  to  their 
speed  characteristics  as  follow: 

161  Constant-Speed  Motors,  whose  speed  is  either  constant 
or  does  not  materially  vary;  such  as  synchronous  motors,  in- 
duction motors  with  small  slip,  and  ordinary  direct-current 
shunt  motors. 

162  Multispeed  Motors  (two-speed,  three-speed,  etc.)»  which 
can  be  operated  at  any  one  of  several  distinct  speeds,  these 
speeds  being  practically  independent  of  the  load;  such  as 
motors  with  two  armature  windings,  or  induction  motors  in 
which  the  number  of  poles  is  changed  by  external  means. 

168  Adjustable-Speed  Motors,  in  which  the  speed  can  be  varied 

gradually  over  a  considerable  range,  but  when  once  adjusted 
remains  practically  unaffected  by  the  load;  such  as  shunt 
motors  designed  for  a  considerable  range  of  speed  variatioiv 
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164  Varying-Speed    Motors,    or    motors    in    which  the  speed 

varies  with  the  load,  ordinarily  decreasing  when  the  load 
increases;  such  as  series  motors,  compound- wound  motors, 
and  series-shunt  motors.  As  a  sub-class  of  varying-speed 
motors,  may  be  cited,  adjustable  yarying-speed  motorSi  or 
motors  in  which  the  speed  can  be  varied  over  a  considerable 
range  at  any  given  load,  but  when  once  adjusted,  varies  with 
the  load;  such  as  compound- wound  motors  arranged  for 
adjustment  of  speed  by  varying  the  strength  of  the  shunt  field. 

CLASSIFICATION    OF    ROTATING  MACHINES  RELATIVE 
TO  THE  DEGREE  OF  ENCLOSURE   OR  PROTECTION 

160  The  following  types  are  recognized : 

Open 

Protected 

Semi-enclosed 

Enclosed 

Separately  ventilated 

Water-cooled 

Self- ventilated 

Drip-proof 

Moisture-resisting 

Submersible 

Explosion- proof 

Explosion-proof  slip-ring  enclosure 

161  An  "open"  machine  is  of  either  the  pedestal-bearing  or  end- 
bracket  type  where  there  is  no  restriction  to  ventilation,  other 
than  that  necessitated  by  good  mechanical  construction. 

162  A  ''protected"  machine  is  one  in  which  the  armattire,  field 
coils,  and  other  live  parts  are  protected  mechanically  from  acci- 
dental or  careless  contact,  while  free  ventilation  is  not  materially 
obstructed. 

168  A  "semi-enclosed"  machine  is  one  in  which  the  ventilating 
openings  in  the  ^ame  are  protected  with  wire  screen,  expanded  metal, 
or  other  suitable  perforated  covers,  having  apertures  not  exceeding 
i  of  a  square  inch  (3.2  sq.  cm.)  in  area. 

164  An  "  enclosed "  machine  is  so    completely    enclosed   by   in- 

tegral or  auxiliary  covers  as  to  prevent  a  circulation  of  air  between 
the  inside  and  outside  of  its  case,  but  not  sufficiently  to  be 
termed  air-tight. 

166  A  "  separately  ventilated  "  machine  has  its  ventilating  air  sup- 
plied by  an  independent  fan  or  blower  external  to  the  machine. 

166  A  "  water-cooled  "  machine  is  one  which  mainly  depends  on  water 
circulation  for  the  removal  of  its  heat. 

167  A  **  self-ventilated  "  machine  differs  from  a  separately  ventilated 
machine  only  in  having  its  ventilating  air  circulated  by  a  fan, 
blower,  or  centrifugal  device  integral  with  the  machine. 

If  the  heated  air  expelled  from  the  machine  is  conveyed  away 
through  a  pipe  attached  to  the  machine,  this  should  be  so  stated. 
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168  A  "drip-proof "  machine  is  one  so  protected  as  to  exclude 
falling  moisture  or  dirt.  A  "drip  proof"  machine  may  be  either 
"open"  or  "semi-enclosed",  if  it  is  provided  with  suitable  protection 
integral  with  the  machine,  or  so  enclosed  as  to  exclude  effectively 
falling  solid  or  liquid  material. 

169  A  moisture-resisting  machine  is  one  in  which  all  parts  are 
treated  with  moisture- resisting  material.  Such  a  machine  shall 
be  capable  of  operating  continuously  or  intermittently  in  a  very 
humid  atmosphere,  such  as  in  mines,  evaporating  rooms,  etc. 

170  A  "  submersible  "  machine  is  a  machine  capable  of  withstanding 
complete  submersion,  in  fresh  water  or  sea  water,  as  may  be  speci- 
fied, for  four  hours  without  injury. 

171  An  "explosion-proof"  machine  is  a  machine  in  which  the  en* 
closing  case  can  withstand,  without  injury,  any  explosion  of  gas  that 
may  occur  within  it,  and  will  not  transmit  the  flame  to  any 
inflammable  gas  outside  it. 

172  An  induction  motor  in  which  the  slip  rings  and  brushes 
alone  are  included  within  an  explosion-proof  case  should  not  be  des- 
cribed as  an  explosion- proof  machine,  but  as  a  machine  ''with 
explosion-proof  slip-ring  enclosure." 

STATIONARY  INDUCTION   APPARATUS 

200  Stationary  Induction  Apparatus  changes  electric  energy  to  electric 
energy,  through  the  medium  of  magnetic  energy,  without  mechanical 
motion.     It  comprises  several  forms,  distinguished  as  follow: 

201  Transformers,  in  which  the  primary  and  secondary  windings  are 
ordinarily  insulated  one  from  another. 

202  The  terms  "high-voltage"  and  "low-voltage"  are  used  to  dis- 
tinguish the  winding  having  the  greater  from  that  having  the 
lesser  number  of  turns.  The  terms  "  primary  "  and  "  sec- 
ondary "  serve  to  distinguish  the  windings  in  regard  to  energy 
flow,  the  primary  being  that  which  receives  the  energy  from  the 
supply  circuit,  and  the  secondary  that  which  receives  the  en- 
ergy by  induction  from  the  primary. 

208  The  rated  current  of  a  constant-poteiitial  transformer  is 

that  secondary  current  which,  multiplied  by  the  rated-load 
secondary  voltage,  gives  the  kv-a.  rated  output.  That  is. 
a  transformer  of  given  kv-a.  rating  must  be  capable  of  de- 
livering the  rated  output  at  rated  secondary  voltage,  while 
the  primary  impressed  voltage  is  increased  to  whatever  value 
is  necessary  to  give  rated  secondary  voltage. 

The  Rated  Primary  Voltage  of  a  constant-potential  trans- 
former is  the  rated  secondary  voltage  multiplied  by  the  turn 
ratio. 

204  The  ratio  of  a  transformer,  unless  otherwise  specified,  shall 

be  the  ratio  of  the  number  of  turns  in  the  high-voltage  wind- 
ing to  that  in  the  low- voltage  winding;  «.«.,  the  "  tum-ratlo>"  t 
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206  The  Yoltage  ratio  of  a  transformer  is  the  ratio  of  the  r.m.s. 

primary  terminal  voltage  to  the  r.m.s.  secondary  terminal 
voltage,  under  specified  conditions  of  load. 

206  The  "  current  ratio  "  of  a  current-transformer  is  the  ratio  of 
r.m.s.  primary  current  to  r.m.s.  secondary  current,  under  speci- 
fied conditions  of  load. 

207  The  "  marked  ratio  *'  of  an  instrument  transformer  is  the 
ratio  which  the  apparatus  is  designed  to  give  under  aver- 
age conditions  of  use.  When  a  precise  ratio  is  required,  it 
is  necessary  to  specify  the  voltage,  frequency,  load  and  power 
factor  of  the  load. 

208  Volt-Ampere  Ratio  of  Transformers. 

The  volt-ampere  ratio,  which  should  not  be  confused  with 
real  efficiency,  is  the  ratio  of  the  volt-ampere  output  to  the 
volt-ampere  input  of  a  transformer,  at  any  given  power  factor. 

209  Auto-transformers  have  a  part  of  their  turns  common  to  both  pri- 
mary and  secondary  circuits. 

210  Voltage  Regulators  have  turns  in  shunt  and  turns  in  series  with  the 
circuit,  so  arranged  that  the  voltage  ratio  of  the  transformation 
or  the  phase  relation  between  the  circuit-voltages  is  variable  at  will 
They  are  of  the  following  three  classes : 

211  Contact  Voltage  Regulators,  in  which  the  number  of  turns 
in  one  or  both  of  the  coils  is  adjustable. 

212  Induction  Voltage  Regulators,  in  which  the  relative  positions 
of  the  primary  and  secondary  coils  are  adjustable. 

213  Magneto  Voltage  Regulators,  in  which  the  direction  of  the 
magnetic  flux  with  respect  to  the  coils  is  adjustable. 

214  Reactors,  heretofore  commonly  called  Reactance  Coils,  also  called 
Choke  Coils;  a  form  of  stationary  induction  apparatus  used  to  supply 
reactance  or  to  produce  phase  displacement.     See  also  (82  and  736. 
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METERS  AND  INSTRUMENTS 

226  Although  the  terms  Instruments  and  Meters  are  frequently  used 
synonymously  in  referring  to  electrical  measuring  devices,  the  meter 
departments  of  manufacturing  and  operating  companies  commonly 
use  the  word  "meters"  in  the  collective  sense  to  designate  only  those 
devices  which  register  the  total  energy  or  quantity  of  electricity 
consumed  in  or  supplied  to  a  circuit,  and  reserve  the  term  ** instru- 
ments,*' in  the  collective  sense,  for  all  other  electrical  measuring  or 
indicating  devices. 

226  In  general,  the  names  of  meters  and  instruments  are  self-defining, 
particularly  when  considered  in  connection  with  existing  definitions. 
The  following  terms  are  preferred  to  other  terms  sometimes  used  for 
the  same  devices:  Reactive-Factor  Meter,  Power- Factor  Meter, 
Watt-hour  Meter,  etc. 
227  Crest  Voltmeter.  A  voltmeter  depending  for  its  indications 
upon  the  crest,  that  is  the  maximum  value  of  the  voltage  of  the  system 
to  which  it  is  connected.  These  instruments  are  so  calibrated  that 
they  indicate  the  r.  m.  s.  value  of  the  sinusoidal  voltage  having  the 
same  crest  value. 

228  Synchronoscope  (also  called  a  Synchroscope  or  Synchronism 
Indicator).  A  device  which  in  addition  to  indicating  synchronism 
between  two  machines,  shows  whether  the  speed  of  the  incoming 
machine  is  fast  or  slow. 

229  Reactive- Volt- Ammeter  (also  called  a  Reactive- Volt- Ampere 
Indicator).  An  instrument  which  indicates  the  reactive  volt- 
amperes  of  the  circuit  to  which  it  is  connected. 

230  Line  Drop  Voltmeter  Compensator.  A  device  used  in  connection 
with  a  voltmeter  which  causes  it  to  indicate  the  voltage  at  some 
distant  point  of  the  circuit. 

231  Recording  Ammeters,  Voltmeters,  Wattmeters,  etc.,  are  instru- 
ments which  record  graphically  upon  time-charts  the  values  of  the 
quantities  they  measure. 

232  A  Demand  Meter  is  a  device  which  indicates  or  records  the  demand 
or  maximum  demand  (See  §  §67  and  58) .  In  practice  two  types  are 
recognized : 

233  An  Integrated-Demand  Meter  is  one  which  indicates  or 
records  the  maximum  demand  obtained  through  integration. 

284  A  Lagged-Demand  Meter  is  one  in  which  the  indication  of 

maximum  demand  is  subject  to  a  characteristic  time  lag. 

286  Errors  of  Indicating  Instruments.  In  specifying  the  accuracy  of 
an  indicating  instrument,  the  error  at  any  point  on  the  scale  shall 
be  expressed  as  a  percentage  of  the  full  scale  reading. 

236  Torque  of  meters  and  instruments  shall  be  expressed  in  milli- 
meter-grams. 
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standAIids  for  electrical  machinery 

250  The  expressions  **  machinery  "  and  "  machines  "  are  here  employed 
in  a  general  sense,  in  order  to  obviate  the  constant  repetition  of  the  words 
"  machinery  or  induction  apparatus,*' 

261  AU  temperatures  are  to  he  understood  as  centigrade. 

262  The  expression  "  capacity  "  is  to  be  understood  as  indicating  **  capa- 
bilUy  ",  except  where  specifically  qualified,  as,  for  instance,  in  the  case 
of  allusions  to  electrostatic  capacity,  i,  e.,  capacitance. 

268  Wherever  special  rules  are  given  for  any  particular  type  of  machinery 
or  apparatus  (such  as  switches,  railway  motors,  railway  substation 
machinery,  etc.,  these  special  rules  shall  be  followed,  notwithstanding 
any  apparent  conflict  with  the  provisions  of  the  more  general  sections. 
In  the  absence  of  special  rules  on  any  particular  point,  the  general 
rules  on  this  point  shall  be  followed. 

260  Objects  of  Standardization.  To  ensure  satisfactory  results, 
electrical  machinery  should  be  specified  to  conform  to  the  Institute 
Standardization  Rules,  in  order  that  it  shall  comply,  in  operation, 
with  approved  limitations  in  the  following  respects,  so  far  as  they 
are  applicable. 

Operating  temperature 
Mechanical  strength 
Commutation 
Dielectric  strength 
Insulation  resistance 
Efficiency 
Power  factor 
Wave  shape 
Regulation 

261  Capacity  or  Available  Output  of  an  Electrical  Machine.  So  far 
as  relates  to  the  purposes  of  these  Standardization  Rules,  the 
Institute  defines  the  Capacity  of  an  Electrical  Machine  as  the  load 
which  it  is  capable  of  carrying  for  a  specified  time  (or  continuously), 
without  exceeding  in    any  respect  the  limitations  herein  set  forth. 

Except  where  otherwise  specified,  the  capacity  of  an  electrical 
machine  shall  be  expressed  in  terms  of  its  available  output.  For 
exceptions  see  §277  and  802. 

262  Rating  of  an  Electrical  Machine.  Capacity  should  be  distin- 
guished from  Rating.  The  Rating  of  a  machine  is  the  output  marked 
on  the  Rating  Plate,  and  shall  be  based  on,  but  shall  not  exceed, 
the  maximum*  load  which  can  be  taken  from  the  machine  under  pre 
scribed  conditions  of  test.     This  is  also  called  the  rated  output. 

*T1m  term  "maximum  Load"  does  not  refer  to  loads  applied  solely  for  mechanical 
commatatum,  or  similar  tests. 
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263  The  Principle  upon  which  Machine  Ratings  are  based,  so  far  as 
relates  to  thermal  characteristics,  is  that  the  rated  load,  applied 
continuously  or  for  a  stated  period,  shall  produce  a  temperature 
rise  which,  superimposed  upon  a  standard  ambient  temperature, 
will  not  exceed  the  maximum  safe  operating  temperature  of  the 
insulation. 

264  A.  I.  E.  E.  and  I.  E.  C.  Ratings.  When  the  prescribed  conditions 
of  test  are  those  of  the  A.  I.  E.  £.  Standardization  Rules,  the  rating 
of  the  machine  is  the  Institute  Rating.  (See  (620).  When  the 
prescribed  conditions  of  the  test  are  those  of  the  I.  E.  C.f  Rules, 
the  rating  of  the  machine  is  the  I.  E.  C.  rating.  A  machine  so  rated 
in  either  case  may  bear  a  distinctive  sign  upon  its  rating  plate. 

266  Standard  Temperature  and  Barometric  Pressure  for  Institute  Ra- 
ting. The  Institute  Rating  (See  §262)  of  a  machine  shall  be  its  ca- 
pacity when  operating  with  a  cooling  medium  of  the  ambient  tem- 
perature of  reference  (40*  for  air  or  25®  for  water,  see  §806  and 
809)  and  with  barometric  conditions  within  the  range  given  in  §308. 
See  §§306A,  307,  320  and  321. 

266  The  Temperature  Rises  Specified  in  these  Rules  apply  to  all 
ambient  temperatures  up  to  and  including,  but  not  exceeding,  40 °C. 
for  air  and  26 "C.  for  water.  (For  definition  of  ambient  temperature 
see  §303.) 

267  Any  Machinery  Destined  for  Use  with  Higher  Ambient  tempera- 
tures of  cooling  mediums,  and  also  any  machinery  for  operation 
at  altitudes  for  which  no  provision  is  made  in  §308,  should  be 
the  subject  of  special  guarantee  by  the  manufacturer.  The  methods 
of  test  and  performance  set  forth  in  these  Rules  will,  however, 
afford  guidance  in  such  cases. 

UNITS  IN  WHICH  RATING  SHALL  BE  EXPRESSED 

274      The  rating  of  Direct-Current  Generators,  shall  be  expressed  in 

kilowatts  (kw.)  available  at  the  terminals  at  a  specified  voltage. 
276      The  rating  of  Alternators  and  Transformers,  shall  be  expressed 

in  kilovolt-amperes  (kv-a.)  available  at  the  output  terminals,  at  a 

specified  voltage  and  power  factor. 
276       It   is   strongly    recommended    that    the   rating   of  motors  shall 

be  expressed  in  kilowatts*  (kw.)  available  at   the   shaft.     (An   ex- 

fl.B.C.  standi  for  "International  Electrotechnical  Commission.     This  rating  has  not 
yat  been  established. 

*Since  the  input  of  machinery  cf  this  class  is  measured  in  electrical  units  and  since 
the  output  has  a  definite  relation  to  the  input,  it  is  logical  and  desirable  to  measure 
the  delivered  power  in  the  same  units  as  are  employed  for  the  received  power.  There- 
fore,  the  output  of  motors  should  be  expressed  in  kilowatts  instead  of  in  horse  power. 
However,  on  accouut  of  the  hitherto  prevailing  practice  of  expressing  mechanical 
output  in  horse  power,  it  is  recommended  that  for  machinery  of  this  class  the  rating 
should,  for  the  present,  be  expressed  both  in  kilowatts  and  in  horse  power;  as  follows: 

kw- approx.  equiv.  h.p. 

For  the  purposes  of  these  Rules  the  horse-power  shall  be  taken  as  746.0  watts. 
In  order  to  lay  stress  upon  the  preferred  future  basis,  it  is  desirable  that  on  Rating 
plates,  the  Rating  in  kilowatts  shall  be  shown  in  larger  and  more  prominent  chac^- 
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ception  to  this  rule  is  made  in  the  case  of  Railway  motors,  which, 
for  some  purposes,  are  also  rated  by  their  input,  see  t802.) 
277  Auxiliary  machinery,  such  as  regulators,  resistors,  reactors, 
balancer  sets,  stationary  and  synchronous  condensers,  etc.,  shall 
have  their  ratings  appropriately  expressed.  It  is  essential  to 
specify  also  the  voltage  (and  frequency,  if  a-c.,),  of  the  circuits  on 
which  the  machinery  may  appropriately  be  used. 

KINDS  OF  RATING 

There  are  various  kinds  of  rating  such  as: 

281  Continuous  Rating.  A  machine  rated  for  continuous  service 
shall  be  able  to  operate  continuously  at  its  rated  output,  without  ex- 
ceeding any  of  the  limitations  referred  to  in  §260. 

282  Short-Time  Rating.  A  machine  rated  for  short- time  service; 
(«.e.  service  including  runs  alternating  with  stop&  of  sufficient 
duration  to  ensure  substantial  cooling),  shall  be  able  to  operate  at  its 
rated  output  during  a  limited  period,  to  be  specified  in  each  case, 
without  exceeding  any  of  the  limitations  referred  to  in  {260.  Such 
a  rating  is  a  short-time  rating. 

283  Nominal  Ratings.     For  railway  motors  and  sometimes  for  railway 
substation  machinery,  certain  nominal  ratings  are  employed.     See 
S§766  and  800.     Nominal  ratings  for  automobile  propulsion  motors' 
and  generators  are  not  recommended;  see  §837. 

284  Duty-Cycle  Operation.  Many  machines  are  operated  on  a  cycle  of 
duty  which  repeats  itself  with  more  or  less  regularity.  For  pur- 
poses of  rating,  either  a  continuous  or  a  short-time  equivalent 
load,  may  be  selected,  which  shall  simulate  as  nearly  as  possible 
the  thermal  conditions  of  the  actual  duty  cycle. 

286       Standard  durations  of   equivalent  tests  shall    be  for  machines 
operating  under  specified  duty-cycles  as  follow  (see  also  §836): 
5  minutes 
10 
16 

30        • 
60        • 
120 

and  continuous. 
Of  these  the  first  six  are  short- time  ratings,  selected  as  being  ther- 
mally equivalent  to  the  specified  duty  cycle. 

When,  for  example,  a  short- time  rating  of  10  minutes  duration 
is  adopted,  and  the  thermally  equivalent  load  is  26  kw.  for  that 
period,  then  such  a  machine  shall  be  stated  to  have  a  10-minute 
rating  of  26  kw. 

286  In  every  case  the  equivalent  short-time  test  shall  commence 
only  when  the  windings  and  other  parts  of  the  machine  are  within 
6*C  of  the  ambient  temperature  at  the  time  of  starting  the  test. 

287  In  the  absence  of  any  specification  as  to  the  kind  of  rating,  the 
continuous  rating  shall  be  understood.* 

*An  exception  is  made  in  the  case  of  motors  for  railway  service,  where  in  the  ab- 
sence of  any  specification  as  to  the  kind  of  rating,  the  "nominid  rmtinc"  a«  defined 
in  §319  and  415  shall  be  understood.  ^^  ^^/^Tr> 
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288  Machines  marked  in  accordance  with  (264  shall  be  understood  to 
have  a  continuous  rating,  unless  otherwise  marked  in  accordance  with 
t286 

HEATING  AND  TEMPERATURE 

300  Temperature  Limitations  of  the  Capacity  of  Electrical  Machinery. 

The  capacity,  so  far  as  relates  to  temperature,  is  usually  limited  by 
the  maximum  temperature  at  which  the  materials  in  the  machine,  espec- 
ially those  employed  for  insulation,  may  be  operated  for  long  periods 
without  deterioration.  When  the  safe  limits  are  exceeded,  deteriora- 
tion is  rapid.  The  insulating  material  becomes  permanently  damaged 
by  excessive  temperature,  the  damage  increasing  with  the  length 
of  time  that  the  excessive  temperature  is  maintained,  and  with 
the  amount  of  excess  temperature,  until  finally  the  insulation  breaks 
down. 

301  The  result  of  operating  at  temperatures  in  excess  of  the  safe  limit 
is  to  shorten  the  life  of  the  insulating  material.  This  shortening 
of  life  is,  in  certain  special  cases,  wa'^ranted,  when  necessary  for 
obtaining  some  other  desirable  result,  as,  for  example,  in  some  in- 
stances of  railway  and  other  motors  for  propelling  vehicles, 
in  providing  greater  power  within  a  limited  space.  See  J804.  Further 
instances  may  also  be  noted  in  the  cases  of  contactors,  controllers, 
induction-starters, arc-lamp- magnet  windings,  etc.,  designed  and  con- 
structed for  operation  at  relatively  high  temperatures. 

302  There  does  not  appear  to  be  any  advantage  in  operating  at  lower 
temperatures  than  the  safe  limits,  so  far  as  the  life  of  the  insulation 
is  concerned.  Insulation  may  break  down  from  various  causes, 
and  when  these  breakdowns  occur,  it  is  not  usually  due  to  the 
temperature  at  which  the  insulation  has  been  operated,  provided 
the  safe  limits  have  not  been  exceeded. 

303  The  Ambient  Temperature  is  the  temperature  of  the  air  or  water 
which,  coming  into  contact  with  the  heated  parts  of  a  machine, 
carries  off  its  heat.     See  {§309,  310  and  314. 

804  The  cooling  fluid  may  either  be  led  to  the  machine  through  ducts, 
or  through  pipes,  or  merely  surround  the  machine  freely.  In  the 
former  case  the  ambient  temperature  is  to  be  measured  at  the  intake 
of  the  machine  itself.     In  the  latter  case  see  §814. 

806  Ambient  Temperature  of  Reference  for  Air.  The  standard 
ambient  temperature  of  reference,  when  the  cooling  medium  is  air, 
shall  be  40  *»C. 

306A.  Whatever  may  be  the  Ambient  Temperature  when  the  machine 
is  in  service,  the  limits  of  the  maximum  observable  temperature  or 
of  temperature  rise  specified  in  the  rules  should  not  be  exceeded  in 
serviiie;  for,  if  the  maximum  temperature  be  exceeded,  the  insulation 
may  be  endangered,  and  if  the  rise  be  exceeded,  the  excess  load  may 
lead  to  injury,  by  exceeding  limits  other  than  those  of  temperature; 
such  as  commutation,  stalling  load  and  mechanical  strength.  For 
similar  reasons,  loads  in  excess  of  the  rating  should  not  be  taken 
from  a  machine. 
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306  The  permissible  rises  in  temperature  given  in  column  2  of 
table  III  page  38  have  been  calculated  on  the  basis  of  the  standard 
ambient  temperature  of  reference,  by  subtracting  40**  from  the 
highest  temperatures  permissible,  which  are  given  in  column  1  of 
the  same  table. 

807  A  machine  may  be  tested  at  any  convenient  ambient  temper- 
ature, preferably  not  below  IS'^C,  but  whaitver  be  the  value  of  this 
ambient  temperature,  the  permissible  rises  of  temperature  must  not 
exceed  those  given  in  column  2  of  table  III  page  38. 

308  Altitude.  Increased  altitude  has  the  effect  of  increasing  the  tem- 
perature rise  of  some  types  of  machinery.  In  the  absence  of  in- 
formation in  regard  to  the  height  above  sea  level  at  which  a  machine 
is  intended  to  work  in  ordinary  service,  this  height  is  assumed  not 
to  exceed  1000  meters  (3300  feet.)  For  machinery  operating  at  an 
altitude  of  1000  meters  or  less,  a  test  at  any  altitude  less  than  1000 
meters  is  satisfactory,  and  no  correction  shall  be  applied  to  the  ob- 
served temperatures.  Machines  intended  for  operation  at  higher 
altitudes  shall  be  regarded  as  special.  See  §267.  It  is  recommended 
that  when  a  machine  is  intended  for  service  at  altitudes  above  1000 
meters  (3300  ft.)  the  permissible  temperature  rise  at  sea  level,  until 
more  nearly  accurate  information  is  available,  shall  be  reduced  by 
1  per  cent  for  each  100  meters  (330  ft.)  by  which  the  altitude  ex- 
ceeds 1000  meters.  Water  cooled  oil  transformers  are  exempt  from 
this  reduction. 

309  Ambient  Temperature  of  Reference  for  Watar-Cooled  Machinery. 
For  water-cooled  machinery,  the  standard  temperature  of  reference 

for  incoming  cooling  water  shall  be  25^  C,  measured  at  the  intake 
of  the  machine. 
810  In  the  testing  of  water-cooled  transformers,  it  is  not  necessary  to 
take  into  account  the  surrounding- air  temperature,  except  where  the 
cooling  effect  of  the  air  is  15  per  cent  or  more  of  the  total  cooling 
effect,  referred  to  the  standard  ambient  temperature  of  reference  of 
25'C.  for  water  and  40**C.  for  air.  When  the  effect  of  the  cooling  air 
is  15  per  cent,  or  more  of  the  total,  the  temperature  of  the  cooling 
water  should  be  maintained  within  5°C.  of  the  stirrounding  air. 
Where  this  is  impractical,  the  ambient  temperature  should  be  de- 
termined from  the  change  in  the  resistance  of  the  windings,  using 
a  disconnected  transformer,  supplied  with  the  normal  amount  of 
cooling  water,  until  the  temperature  of  the  windings  has  become 
constant. 

311  In  the  case  of  rotating  machines,  cooled  by  forced  draught, 
a  conventional  weighted  mean  shall  be  employed,  a  weight  of 
four  being  given  to  the  temperature  of  the  circulating  air  supplied 
through  ducts  (see  $304),  and  a  weight  of  one  to  the  surrounding  room 
air.    In  the  case  of  air-cooled  transformers,  see  **  exception  "  §381. 

312  Machines  Cooled  by  Other  Means.  Machines  cooled  by  means 
other  than  air  or  water  shall  receive  special  consideration. 

318  Outdoor  Machinery  Exposed  to  Sun's  Rays.  Outdoor  machinery 
not  protected  from  the  sun's  rays  at  times  of  heavy  load,  shall 
receive  special  consideration.  Digitized  by  CjOOQIc 
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314  Measurement  of  the  Ambient  Temperature  During  Tests  of  Ma- 
chinery. The  ambient  temperature  is  to  be  measured  by  means  of  sev- 
eral thermometers  placed  at  diffe  ent  points  around  and  half-way  up 
the  machine,  at  a  distance  of  1  to  2  meters  (3  to  6  feet),  and  protected 
from  drafts,  and   abnormal  heat  radiation,   preferably  as  in  {316. 

316  The  value  to  be  adopted  for  the  ambient  temperature  during  a  test, 
is  the  mean  of  the  readings  of  the  thermometers  (placed  as  above), 
taken  at  equal  intervals  of  time  during  the  last  quarter  of  the  duration 
of  the  test. 

816  In  order  to  avoid  errors  due  to  the  time  lag  between  the  temperature 
of  large  machines  and  the  variations  in  the  ambient  air,  all  reasonable 
precautions  must  be  taken  to  reduce  these  variations  and  the  errors 
arising  therefrom.  Thus,  the  thermometer  for  determining  the 
ambient  temperature  shall  be  immersed  in  a  suitable  liquid,  such  as 
oil,  in  a  suitable  heavy  metal  cup.  This  can  be  made  to  respond  to 
various  rates  of  change,  by  proportioning  the  amount  of  oil  to  the  metal 
in  the  containing  cup.  A  convenient  form  for  such  an  oil-cup  consists 
of  a  massive  metal  cylinder,  with  a  hole  drilled  partly  through  it. 
This  hole  is  filled  with  oil  and  the  thermometer  is  placed  therein  with 
its  bulb  well  immersed.  The  larger  the  machine  under  test,  the 
larger  should  be  the  metal  cylinder  employed  as  an  oil-cup  in  the 
determination  of  the  ambient  temperature.  The  smallest  size 
of  oil  cup  employed  in  any  case  shall  consist  of  a  metal  cylinder 
26  mm.  in  diameter  and  60  mm.  high  (1  in  in  diameter  and  2  in. 
high). 

817  Thermometers  used  for  taking  temperatures  of  Machinery 
shall  be  covered  by  felt  pads  3  mm.  {\  inch)  thick  and  4x5  cm. 
wide  (IJ  ^'x  2^^),  cemented  on;  oil  putty  may  be  used  for  stationary 
and  small  apparatus. 

818  In  Transformer  Testing,  and  sometimes  in  testing  other  machines, 
it  may  be  desirable  to  avoid  errors  due  to  time  lag  in  tempera- 
ture changes,  by  employing  an  idle  unit  of  the  same  size  and  subjected 
to  the  same  conditions  of  cooling  as  the  unit  under  test,  for  obtaining 
the  ambient  temperature  as  described  in  {310. 

819  Where  machines  are  partly  below  the  floor  line  in  pits,  the  tempera- 
ture of  the  rotor  shall  be  referred  to  a  weighted  mean  of  the  pit 
and  room  temperatures,  the  weight  of  each  being  based  on  the  rela- 
tive proportions  of  the  rotor  in  and  above  the  pit.  Parts  of  the  stator 
constantly  in  the  pit  shall  be  referred  to  the  ambient  temperature  in 

the  pit. 

820  Correction  for  the  Deviation  of  the  Ambient  Temperature  of 
the  Cooling  Medium,  at  the  Time  of  the  Heat  Test,  from  the  Stand- 
ard Ambient  Temperature  of  Reference.  Numerous  experiments 
have  shown  that  deviation  of  the  temperature  of  the  cooling  medium 
from  that  of  the  standard  of  reference,  at  the  time  of  the  heat  run, 
has  a  negligible  efifect  upon  the  temperature  rise  of  the  apparatus; 
therefore,  no  correction  shall  be  applied  for  this  deviation.  It  is, 
however,  desirable  that  tests  shotdd  be  conducted  at  ambient  tem- 
peratures not  lower  than  15*C. 
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321  Exception — A  Correction  shall  be  applied  to  the  observed  tem- 
perature rise  of  the  windings  of  Air-blast  transformers^  due  to  dif- 
ference in  resistance,  when  the  temperature  of  the  ingoing  cooling 
air  differs  from  that  of  the  standard  of  reference.  This  correction 
shall  be  the  ratio  of  the  inferred  absolute  ambient  temperature  of 
reference  to  the  inferred  absolute  temperature  of  the  ingoing  cool- 
ing air,  I.  e.  the  ratio  274.5/(234.5  +  t)\  where  /  is  the  ingoing  cooling- 
air  temperature. 

Thus,  a  cooling-air  room  temperature  of  30**C.  would  correspond  to 
an  inferred  absolute  temperature  of  264.5°  on  the  scale  of  copper  re- 
sistivity, and  the  correction  to  40°C.  {274.6°  inferred  absolute  tem- 
perature) would  be  274.5  /  264.5  -  1.04,  making  the  correction 
factor  1.04;  so  that  an  observed  temperature  rise  of  say  50°C.  at  the 
testing  ambient  temperature  of  30®C.  would  be  corrected  to  50  X 
1.04  B  52''C.  this  being  the  temperature  rise  which  would  have  oc- 
curred had  the  test  been  made  with  the  standard  ingoing  cooling- 
air  temperature  of  40°C. 

932  Duration  of  Temperature  Test  of  Machine  for  Continuous  Ser- 
vice. The  temperature  test  shall  be  continued  until  sufficient  evi- 
dence is  available  to  show  that  the  maximum  temperature  and 
temperature  rise  would  not  exceed  the  requirements  of  the  rules, 
if  the  test  were  prolonged  until  a  steady  final  temperature  was 
reached. 

828  Duration  of  Temperature  Test  of  Machine  with  a  Short-Time 
Rating.  The  duration  of  the  temperature  test  of  a  machine  with 
a  short-time  rating  shall  be  the  time  required  by  the  rating. 
(See  §286  and  286). 

824  Duration  of  Temperature  Test  for  Machine  having  more  than 
One  Rating.  The  duration  of  the  temperature  test  for  a  machine 
with  .more  than  one  rating  shall  be  the  time  required  by  that  rating 
which  produces  the  greatest  temperature  rise.  In  cases  where  this 
cannot  be  determined  beforehand,  the  machine  shall  be  tested 
separately  under  each  rating. 

826  Temperature  Measurements  during  Heat  Run.  Temperature 
measurements,  when  possible,  shall  be  taken  during  operation,  as 
well  as  when  the  machine  is  stopped.  The  highest  figures  thus 
obtained  shall  be  adopted.  In  order  to  abridge  the  long  heating 
period,  in  the  case  of  large  machines,  reasonable  overloads  of  cur- 
rent, during  the  preliminary  period,  are  suggested  for  them. 

TEMPERATURE  MEASUREMENTS 

840  The  Life  of  the  Insulation  of  a  Machine  depends  in  great  measure 
upon  the  actual  temperatures  attained  by  the  different  parts,  rather 
than  on  the  rises  of  temperature  in  those  parts. 

841  The  Temperatures  in  the  Different  Parts  of  a  Machine  which  it 
would  be  desirable  to  ascertain,  are  the  maximum  temperatures 
reached  in  those  parts. 
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848     As  it  is  Usually  Impossible  to  Determine  the  Maximum  Temperature 

attained  in  insulated  windings,  it  is  convenient  to  apply  a  correction 
to  the  observable  temperature,  which  approximates  the  difference  be- 
tween the  actual  maximum  temperature  and  the  observable  tempera- 
ture by  the  method  used.  This  correction,  or  margin  of  security,  is 
provided  to  cover  the  errors  due  to  fallibility  in  the  location  of  the 
measuring  devices,  as  well  as  inherent  inaccuracies  in  measurement 
and  methods. 

844      In  Determining  the  Temperature  of  Different  Parts  of  a  Machine 

three  methods  are  provided. 

346       Method  No  1.     Thermometer  Method. 

This  method  consists  in  the  determination  of  the  temperature, 
by  mercury  or  alcohol  thermometers,  by  resistance  thermometers, 
or  by  thermocouples,  any  of  these  instruments  being  applied  to  the 
hottest  accessible  part  of  the  completed  machine,  as  distinguished  from 
the  thermocouples  or  resistance  coils  embedded  in  the  machine  as 
described  under  Method  No.  3. 

346  When  Method  No.  1  is  Used,  the  hottest-spot  temperature  for 
windings  shall  be  estimated  by  adding  a  hottest-spot  correction  of 
16*C  to  the  highest  temperature  observed,  in  order  to  allow  for  the 
practical  impossibility  of  locating  any  of  the  thermometers  at  the  hot- 
test spot*- 

847  Exception.  When  the  thermometers  are  applied  directly  to 
the  surfaces  of  bare  windings,  such  as  an  edgewise  strip  conductor, 
or  a  cast  copper  winding,  a  hottest-spot  correction  of  5*C  ,  instead  of 
15*C,  shall  be  made.  For  commutators,  collector  rings,  bare  metallic 
surfaces  not  forming  part  of  a  winding,  or  for  oil  in  which  apparatus 
is  immersed,  no  correction  is  to  be  applied. 

348      Method  No.   2.     Resistance   Method. 

This  method  consists  in  the  measurement  of  the  temperature  of 
windings  by  their  increase  in  resistance,  corrected*  to  the  instant  of 
shut-down  when  necessary.  In  the  application  of  this  method, 
thermometer  measurements  shall  also  be  made  whenever  practicable 
without  disassembling  the  machinef  in  order  to  increase  the 
probability  of  revealing  the  highest  observable  temperature.  Which- 
ever measurement  yields  the  higher  temperature,  that  temperature 

** Whenever  a  sufficient  time  has  elajwed  between  the  instant  of  shut-down  and 
the  time  of  the  final  temperature  measurement  to  permit  the  temperature  to  fall, 
suitable  corrections  shall  be  applied,  so  as  to  obtain  as  nearly  as  practicable  the 
temi>erature  at  the  instant  of  shut-down.  This  can  sometimes  be  approximately 
effected  by  plotting  a  curve,  with  temperature  readings  as  ordinates  and  times  as 
abscissas,  and  extrapolating  back  to  the  instant  of  shut-down.  In  other  instances, 
acceptable  correction  factors  can  be  applied.  In  transformers  of  200  kv-a.  and  less 
the  measured  temperature  shall  be  increased  one  degree  for  every  minute  between 
the  instant  of  shut-down  and  the  time  of  the  final  temperature  measurement,  pro- 
vided this  time  does  not  exceed  three  minutes. 

In  cases  where  successive  measurements  show  increasing  temperatures  after  shut- 
down, the  highest  value  shall  be  taken. 

fAs  one  of  the  few  instances  in  which  the  thermometer  check  cannot  be  applied  in 
Method  No.  2,  the  rotor  of  a  turbo-alternator  may  be  cited. 


Digitized  by  LjOOQ IC 


1582       STANDARDIZATION  RULES  OF  THE  A.  I.  E.  E. 

shall  be  taken  as  the   "  highest  observable  "  temperature  and  a  hot- 
test-spot correction  of  10*C  added  thereto. 

849  The  Temperature  Coefficient  of  Copper  shall  be  deduced  from  the 
formula  1/(234.6  +  0-  Thus,  at  an  initial  temperature  I  ■«40*C., 
the  temperature  co-efficient  of  increase  in  resistance  per  degree 
centigrade  rise,  is  1/(274.5)  -  0.00364.  The  following  table, 
deduced  from  the  formula,  is  given  for  convenience  of  reference. 

TABLE  IL 
Temperature  Coefficients  of  Copper  Resistance, 


Temperature  ol  the 

Increase  in    resis- 

winding, in  degrees  C. 

tance    of     copper 

at  which  the  initial  re- 

per   **C.,  per  ohm 

sistance  is  measured. 

of  initial  resistance. 

0 

0.00  427 

5 

0.00  418 

10 

0.00  409 

16 

0.00  401 

20 

0.00  393 

26 

0.00  386 

30 

0.00  378 

556 

0.00  371 

40 

0.00  364 

860  In  Circuits  of  Low  Resistance,  other  than  transformer  windings 
(see  §361),  where  joints  and  connections  form  a  considerable  part  of 
the  total  resistance,  the  measurement  of  temperature  by  the  resist- 
ance method  shall  not  be  used. 

861  The  Temperature  of  the  Windings  of  Transformers  is  always  to  be 
ascertained  by  Method  2.  In  the  case  of  air-blast  transformers,  it  is 
especially  important  to  place  thermometers  on  the  coils  near  the 
air  outlet.    See  §348. 

862  Method  No.  3.     Embedded  Temperature-Detector  Method. 

This  method  consists  in  the  use  of  thermo-couples  or  resis- 
tance temperature  detectors,  located  as  nearly  as  possible  at  the 
estimated  hottest  spot.  When  method  No.  3  is  used,  it  shall, 
when  required,  be  checked  by  method  No.  2;  the  hottest  spot  shall 
then  be  taken  to  be  the  highest  value  by  either  method,  the  required 
correction  factors  (§348  and  §366)  being  applied  in  each  case. 

863  By  Building  into  the  Machine  suitably  placed  temperature  de- 
tectors, a  temperature  not  much  less  than  that  of  the  hottest  spot  will 
probably  be  disclosed.     When  these  devices  are  adopted  for  such 
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temperature  determinations,  a  liberal  number  shall  be  employed,  and 
all  reasonable  efforts,  consistent  with  safety,  shall  be  made  to 
locate  them  at  the  various  places  where  the  highest  temperatures  are 
likely  to  occur. 

354  Temperature-Detectors  should  be  placed  in  at  least  two  sets  of 
locations.  One  of  these  should  be  between  a  coil-side*  and  the  core 
and  one  between  the  top  and  bottom  coil-sides  where  two  coil-sides 
per  slot  are  used.  Where  only  one  coil-side  per  slot  is  used,  one  set  of 
detectors  shall  be  placed  between  coil-side  and  core,  and  one  set 
between  coil-side  and  wedge. 

866  Method  No.  3  should  be  applied  to  all  stators  of  machines  with 
cores  having  a  width  of  50  cm.  (20  in.)  and  over.  It  should  also 
be  applied  to  all  machines  of  5000  volts  and  over,  if  of  over  600 
kv-a.,  regardless  of  core  width.  This  method  is  not  required  for 
induction-regulators*  which  shall  be  tested  as  transformers. 

366  Correction  Factor  for  Method  No.  3. — In  the  case  of  two-layer 
windings,  with  detectors  between  coil-sides,  and  between  coil-side  and 
core,  add  5^  C  to  the  highest  reading.  In  single-layer  windings,  with 
detectors  between  coil-side  and  core  and  between  coil-side  and  wedge, 
add  to  the  highest  reading  10"*  C.  plus  l""  C.  per  1000  volts  above  5000 
volts  of  terminal  pressure. 

TBMPBRATURB  LIMITS 

376  Table  III,  page  38,  gives  the  limits  for  the  hottest-spot  tempera- 
tures of  insulations.  The  permissible  limits  are  indicated 
in  column  1  of  the  Table.  The  limits  of  temperature  rise 
permitted  under  rated-load  conditions  are  given  in  column  2, 
and  are  found  by  subtracting  40**  C.  from  the  figures  in  column  1. 
Whatever  be  the  ambient  temperature  at  the  time  of  the  test,  the  rise 
of  temperature  must  never  exceed  the  limits  in  column  2  of  the 
table.  The  highest  temperatures,  and  temperature  rises,  attained 
in  any  machine  at  the  output  for  which  it  is  rated,  must  not  exceed 
the  values  indicated  in  the  Table  and  clauses  following. 

376  Permissible  Temperatures  and  Temperature  Rises  For  Insulating 
Materials.  Table  III  (see  next  page)  gives  the  highest  temperatures 
and  temperature  rises  to  which  various  classes  of  insulating  materials 
may  be  subjected,  based  on  a  standard  ambient  temperature  of 
reference  of  40*C. 

377  NoTB.  The  Institute  recognizes  the  ability  of  manufacturers  to 
ftinploy  Class  B  insulationSuccessfully  at  maximum  temperatures  of 
I'O*  C.  and  even  higher.  However,  as  sufficient  data  covering  ex- 
perience over  a  period  of  years  at  such  temperatures  are  at  present 
unavailable,  the  Institute  adopts  125**  C  as  a  conservative  limit  for 
ihis  class  of  insulation,  and  any  increase  above  this  figure  should  be 
the  subject  of  special  guarantee  by  the  manufacturer. 

*A  coil  side  is  one  of  the  two  active  sides  of  the  coil  lying  in  a  slot. 
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TABLE  m. 

Permissible  Temperatures  and  Temperature  Rises  for  Insulating 

Materials. 


1 

2 

ClMS 

DoMHption  of  Material 

MaxixDum 

Terrperature  to 

which  the 

traterial  may 

be  ■ubjeeted 

Mazisnttm 
Temperature 

RlM 

A. 

Cotton,  silk,   paper  and  simi- 
lar materials,  when  so  treat- 
ed or  impregnated  as  to  in- 
crease the  thermal  limit,  or 
when      permanently      Im- 
mersed in  oil;  also  enamel- 
led wire* 

106*C 

65-C 

B. 

Mica,  asbestos  and  other  ma- 
terials capable  of   resisting 
high  temperatures,  in  which 
any   Class  A.   material  or 
binder  is  used  for  structural 
purposes    only,    and    may 
be    destroyed  without  im- 
pairing! the   insulating    or 
mechanical  qualities  of  the 
'  insulation 

125*C 

86-C 

C. 

Fireproof  and  refractory  ma- 
terials, such  as  pure  mica, 
porcelain,  quartz,  etc 

No  limits  specified. 

*Por  cotton,  silk,  paper  and  similar  materials,  when  neither  treated,  impregnated 
nor  immersed  in  oil,  the  highest  temperatures  and  temperature  rises  shall  be  10*C 
below  the  limits  fixed  for  Class  A,  in  Table  III. 

fThe  word  impair  is  here  used  in  the  sense  of  causing  any  change  which  would  dis- 
qualify the  insulation  for  continuous  service. 

878  When  a  lower- temperature  class  material  is  comprised  in  a  com- 
pleted product  to  such  an  extent,  or  in  such  ways,  that  its  subjection 
to  the  temperature  limits  allowed  for  the  higher- temperature  class 
material,  with  which  it  is  associated,  would  affect  the  integrity  of  the 
insulation  either  mechanically  or  elecf rically,  the  permissible  tempera- 
ture shall  be  fixed  at  such  a  value  as  shall  afford  ample  assurance  that 
no  part  of  the  lower- temperature  class  material  shall  be  subjected  to 
temperatures  higher  than  those  approved  by  the  Institute  and  set 
forth  above. 
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379  TABLE    IV 

Permissible    Hottest   Spot   Temperatures   and   Limiting    Obseryable 
Temperature  Rises  in  Other  than  Water-Cooled  Machinery 
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PermiMlbU  Hottett-Spot  Temperature. , 


Hottest  Spot  Correction 

Limiting  Obiervable  Temperature 

Limiting    Observable    Temperature    Rise 


Hottest  Spot  Correction 

Limiting  Observable  Temperature 

Limiting    Observable    Temi>erature    Rise 
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Hottest  Spot  Correction 
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Limiting  Observable  Temper- 
ature Rise 

Hottest  Spot  Correction 

Limiting  Observable  Temper- 
ature  

Limiting  Observable  Temper- 
ature Rise 

Hottest  Spot  Correction 

Limiting  Observable  Temper- 
ature  

Limiting  Observable  Temper- 
ature Rise 


100» 

eo* 


s^ 

iao» 
»o» 


io« 

95« 
56* 


10» 
75* 


10«+(E-5)t 
95*— (E— 6) 
66«— (fi— 6) 


10* +(«-») 
115*-(il— 6) 
75*-(iI-5) 


*Por  cotton,  silk,  paper  and  similar  materials,  when  neither  treated,  impregnated  nor 
immersed  in  oil,  the  highest  temperatures  and  temperature  rise;;  shall  be  lO^C.  below  the 
limits  fixed  for  class  A. 

fin  these  formulas.  E  represents  the  rated  pressure  between  terminals  in  kilovolts. 
Thus  for  a  three-phase  machine  with  single-layer  winding,  and  with  1 1  kilovolts  between 
terminals,  the  hottest-spot  correction  to  be  added  to  the  maximum  observable  temperature 

win  be  le^'c. 
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Special  Cases  oc  Temperature  limits. 

886  Temperature  of  Oil.  The  oil  in  which  apparatus  is  permanently 
immersed  shall  in  no  part  have  a  temperature,  observable  by -ther- 
mometer, in  excess  of  90*C. 

886  Water-Cooled  Transformers.  In  these  the  hottest-spot  tempera- 
ture shall  not  exceed  90 'C. 

886 A  Enclosed  Motors  and  Generators.  In  an  enclosed  machine  (see 
5164)  the  limiting  observable  temperature  and  the  limiting 
observable  temperature  rise  shall  be  taken  as  5**C.  higher  than  in 
Table  IV.  This  is  not  to  be  interpreted  as  an  increase  in  the  permiss- 
ible hottest  spot  temperature,  but  is  in  recognition  of  the  lesser 
diflFerence  between  the  hottest  spot  temperature  and  the  observable 
temperature  within  an  enclosed  machine.  This  rule  does  not  apply 
to  those  types  of  machines  defined  in  §§168,  166  and  167. 

887  Railway  Motor  Temperature  Limits,  see  §804  and  806. 
887A.      Automobile  Propulsion  Motors  and  Generators,  see  §888. 

888  Squirrel-Cage  and  Amortisseur  Windings.  In  many  cases  the 
insulation  of  such  windings  is  largely  for  the  purpose  of  making 
the  conductors  fit  tightly  in  their  slots,  and  the  slightest  effective 
insulation  is  ample.  In  other  cases,  there  is  practically  no  insula- 
ting material  on  the  windings.  Consequently,  the  temperature 
rise  may  be  of  any  value  such  as  will  not  occasion  mechanical  in- 
jury to  the  machine. 

889  Collector  Rings.  The  temperature  of  collector  rings  shall  not  be 
permitted  to  exceed  the  "  hottest-spot  '*  values  set  forth  in  §876  and 
879  for  the  insulations  employed  either  in  the  collector  rings  them- 
selves, or  in  adjacent  insulations  whose  life  would  be  affected  by 
the  heat  from  the  collector  rings. 

890  Commutators.  The  observable  temperature  shall  in  no  case  be 
permitted  to  exceed  the  values  given  in  §876  and  879  for  the  in- 
sulation employed,  either  in  the  commutator  or  in  any  insulation 
whose  life  would  be  affected  by  the  heat  of  the  commutator.  These 
temperature  limits  are  intended  only  to  protect  the  insulation  of  the 
commutator  and  of  the  adjacent  parts,  and  are  not  intended  as  a 
criterion  of  successful  commutation.    See  §402. 

891  Cores.  The  temperature  of  those  parts  of  the  iron  core  in 
contact  with  insulating  materials  must  not  be  such  as  to  occasion 
in  those  insulating  materials  temperatures  or  temperature  rises  ir 
excess  of  those  set  forth  in  §876  and  879. 

892  Other  parts,  (such  as  brush-holders,  brushes,  bearings,  pole-tips, 
cores,  etc.)  All  parts  of  electrical  machinery  other  than  those 
whose  temperature  affects  the  temperature  of  the  insulating  ma- 
terial, may  be  operated  at  such  temperatures  as  shall  not  be  in- 
jurious in  any  other  respect. 
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METHODS  OF  LOADING  TRANSFORMERS  FOR  TEMPERATURE 

TESTS 

898  Whenever  practicable,  transformers  should  be  tested  under  con- 
ditions that  will  give  losses  approximating  as  nearly  as  possible 
to  those  obtained  under  normal  or  specified  load  conditions,  main- 
tained for  the  required  time  (See  §322  to  824).  The  maximum  tem- 
perature rises  measured  during  this  test  should  be  considered  as  the 
observable  temperature  rises  for  the  given  load. 

An  approved  method  of  making  these  tests  is  the  "  loading-back  •• 
method.     The  principal  variations  of  this  method  are: 

894  With  duplicate  single-phase  transformers. 

Duplicate  single-phase  transformers  may  be  tested  in  banks  of 
two»  with  both  primary  and  secondary  windings  connected  in  par- 
allel. Normal  magnetizing  voltage  should  then  be  applied  and  the 
required  current  circulated  from  an  auxiliary  source.  One  trans- 
former can  be  held  under  normal  voltage  and  current  conditions, 
while  the  other  may  be  operating  under  slightly  abnormal  con- 
ditions. 

895  With  one  three-phase  transformer. 

*  One  three-phase  transformer  may  be  tested  in  a  manner  similar 
to  5394  provided  the  primary  and  secondary  windings  are  each  con- 
nected in  delta  for  the  test.  Normal  three-phase  magnetizing  volt- 
age  should  be  applied  and  the  required  current  circulated  from  an 
auxiliary  single-phase  source. 

896  With  three  single-phase  transformers. 

Duplicate  single-phase  transformers  may  be  tested  in  banks  of 
three,  in  a  manner  similar  to  §396  by  connecting  both  primary  and 
secondary  windings  in  delta,  and  applying  normal  three-phase 
magnetizing  voltage  and  circulating  the  required  current  from  an 
auxiliary  single-phase  source. 

897  Note: —  Among  other  methods  that  have  a  limited  application 
and  can  be  used  only  under  special  conditions  may  be  mentioned — 

(1)  Applying  dead  load  by  means  of  some  form  of  rheostat. 

(2)  Running  alternately  for  certain  short  intervals  of  time  on 
open  circuit  and  then  on  short  circuit,  alternating  in  this  way  until 
the  transformer  reaches  steady  temperature.  In  this  test,  the  vol- 
tage for  the  open-circuit  interval  and  the  current  for  the  short-circuit 
interval  shall  be  such  as  to  give  the  same  integrated  core  loss,  and 
the  same  integrated  copper  loss,  as  in  normal  operation. 


ADDITIONAL  REQUIREMENTS 

898  Short-Circuit    Stresses. 

The  Institute  recognizes  the  self-destructibility,  both  mechanical 
and  thermal,  of  certain  sizes  and  types  of  machines,  when  subjected 
to  severe  short-circuits,  and  recommends  that  ample  protection  be 
provided  in  such  cases,  external  to  the  machine  if  necessary. 
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Over- Speeds. 

899  All  Types  of  Rotating  Machines  shall  be  so  constructed  that 
they  will  safely  withstand  an  over-speed  of  25  per  cent,  except  in  the 
case  of  steam  turbines,  which,  when  equipped  with  emergency  gover- 
nors, shall  be  constructed  to  withstand  20  per  cent  over- speed. 

400  In  the  case  of  Series  Motors,  it  is  impracticable  to  specify  percen- 
tage values  for  the  guaranteed  over-speed,  on  account  of  the  varying 
service  conditions. 

401  Water-wheel  Generators  shall  be  constructed  for  the  maximum 
runaway  speed  which  can  be  attained  by  the  combined  unit. 

Momentary  Loads. 

405  Continuously  Rated  Machines  shall  be  required  to  carry  momen- 
tary loads  of  150  per  cent  of  the  amperes  corresponding  to  the  con- 
tinuous rating,  keeping  the  rheostat  set  for  rated  load  excitation, 
(See  §281,  764  and  803.)  and  commutating  machinery  shall  com- 
mutate  successfully  under  this  condition.  Successful  commuta- 
tion is  such  that  neither  brushes  nor  commutator  are  injured  by 
the  test.  In  the  case  of  direct-connected  generators,  this  clause 
is  not  to  be  interpreted  as  requiring  the  prime  mover  to  drive  the 
generator  at  this  overload. 

408  Machines  for  duty-cycle  operation  shall  be  rated  according  to 
their  equivalent  load,  either  on  the  short- time  or  continuous  basis,  but 
if  intended  for  operation  with  widely  fluctuating  loads,  shall  commu- 
tate  successfully  under  their  specified  operating  conditions.  See{884| 
886. 

404      Stalling  Torque  of  Motors 

Motors  for  continuous  service  shall, except  when  otherwise  specified, 
be  required  to  develop  a  running  torque  at  least  175  per  cent  of 
that  corresponding  to  the  running  torque  at  their  rated  load,  with- 
out stalling. 

Obviously,  duty-cycle  machines  must  carry  their  peak  loads  with- 
out stalling. 

WAVE    FORM 

406  The  Sine  Waye  shall  be  considered  as  standard,  except  where 
deviation  therefrom  is  inherent  in  the  operation  of  the  system  of 
which  the  machine  forms  a  part. 

406  The  deviation  of  wave  form  from  the  sinusoidal  is  determined  by 
superposing  upon  the  actual  wave, (as  determined  by  oscillograph),  the 
equivalent  sine  wave  of  equal  length,  in  such  a  manner  as  to  give 
the  least  difference  between  ordinates,  and  then  dividing  the 
maximum  difference  between  corresponding  ordinates  by  the  maxi- 
mum value  of  the  equivalent  sine  wave.  A  maximum  deviation  of 
the  terminal  voltage  wave  on  open  circuit  from  sinusoidal  shape 
not  exceeding  10  per  cent  is  permissible,  except  when  otherwise 
specified. 
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EFFICIENCY  AND  LOSSES 

420  Machine  Efficiency  is  the  ratio  of  the  power  delivered  by  the 
machine  to  the  power  received  by  it. 

421  Plant  or  System  Efficiency  is  the  ratio  of  the  energy  delivered  from 
the  plant  or  system  to  the  energy  received  by  it  in  a  specified  period 
of  time.*  In  calculating  plant  or  system  efficiency  it  may  be  desir- 
able to  calculate  the  losses  in  each  individual  machine  or  part  of 
the  system  at  the  actual  temperature  of  that  machine  or  part  during 
the  specified  interval.  These  losses  may  be  appreciably  different 
from  the  losses  at 75" C,  which  lattershall  be  the  standard  temperature 
of  reference  for  all  efficiency  guarantees.     See  §432. 

422  In  the  Case  of  Machinery  two  Efficiencies  are  Recognized, 
conventional  efficiency  (see  §423)  and  directly  measured  efficiency. 
Unless  otherwise  specified,  the  conventional  efficiency  is  to  be 
employed.  When  the  efficiency  of  a  machine  is  stated  without 
specific  reference  to  the  load  conditions,  rated  load  is  always  to  be 
understood  whether  the  efficiency  be  the  conventional  or  directly 
measured  efficiency. 

428  Conventional  Efficiency  of  machinery  is  the  ratio  of  the  output  to 
the  sum  of  the  output  and  the  losses;  or  of  the  input  minus  the  losses 
to  the  input;  when,  in  either  case,  conventional  values  are  assigned 
to  one  or  more  of  these  losses.  The  need  for  assigning  conventional 
values  to  certain  losses,  arises  from  the  fact  that  some  of  the  losses 
in  electrical  machinery  are  practically  indeterminable,  and  must,  in 
many  cases,  either  be  approximated  by  an  approved  method  of  test, 
or  else  values  recommended  by  the  Institute  and  designated  "  con- 
ventional"  values  shall  be  employed  for  them  in  arriving  at  the  "con- 
ventional efficiency." 

426      Directly-Measured  Efficiency.     Input  and  output  determinations 

of  efficiency  may  be  made  directly,  measuring  the  output  by  brake* 

'  or  equivalent,   where   applicable.     Within   the  limits  of   practical 

application,  the  circulating-power  method,  sometimes  described  as 

the  Hopkinson  or  "  loading-back"  method,  may  be  used. 

426  Values  of  the  Indeterminate  Losses  may  also  be  obtained  by 
brake  or  other  direct  test,  and  used  in  estimating  actual  efficiencies 
of  similar  machines,  by  the  separate-loss  method. 

427  Normal  Conditions.  The  efficiency  shall  correspond  to,  or  be 
corrected  to,  the  normal  conditions  herein  set  forth,  which  shall  be 
regarded  as  standard.  These  conditions  include  voltage,  current, 
power-factor,  frequency,  wave-shape,  speed,  temperature,  or  such 
of  them  as  may  apply  in  each  particular  case. 

428  Measurement  of  Efficiency.  Electric  power  shall  be  measured 
at  the  terminals  of  the  apparatus.  In  polyphase  machines,  sufficient 
measurements  shall  be  made  on  all  phases  to  avoid  errors  of  unbalance. 

429  Point  at  Which  Mechanical  Power  Shall  be  Measured.  Mechani- 
cal power  delivered  by  machines,  shall  be  measured  at  the  pulley, 

*An  exception  should  be  noted  in  the  case  of  the  efficiency  of  storage  b*tt«l^. 
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gearing,  or  coupling,  on  the  rotor  shaft,  thus  excluding  the  loss  of 
power  in  the  belt  or  gear  friction.  See,  however,  an  exception  in 
1800. 

430  The  Efficiency  Specified  for  Alternators  and  Transformers  shall 
be  of  the  ratio  of  the  kilowatt  output  to  the  kilowatt  input  at  the 
rated  kv-a.  and  power  factor. 

481  Efficiency  of  Alternating-Current  Machinery  in  regard  to  WaveShape. 

In  determining  the  efficiency  of  alternating-current  machinery, 
the  sine  wave  is  to  be  considered  as  standard,  unless  a  different  wave 
form  is  inherent  in  the  operation  of  the  system.     See  (406. 

482  Temperature  of  Reference  for  Machine  Efficiency.  The  effi- 
ciency, at  all  loads,  of  all  apparatus,  shall  be  corrected  to  a  refer- 
ence temperature  of  75 "C,  but  tests  may  be  made  at  any  con- 
venient ambient  temperature,  preferably  not  less  than  15**C.  See 
§§848  and  446. 

488  The  losses  in  constant-potential  machinery,  either  of  the  stationary 
type,  or  of  the  constant-speed  rotary  type,  are  of  two  classes;  namely, 
those  which  remain  substantially  constant  at  all  loads,  and  those 
which  vary  with  the  load.  The  former  include  iron  losses,  windage 
and  friction,  also  I'R  losses  in  any  shunt  windings.  The  latter 
include  I^R  losses  in  series  windings.  The  constant  losses  may  be 
determined  by  measuring  the  power  required  to  operate  the  machine 
at  no  load,  deducting  any  series  l!R  losses.  The  variable  loss  at 
any  load  may  be  computed  from  the  measured  resistance  of  the  series 
windings  and  the  given  load  current. 

484  Stray  Load  Losses.  The  above  simple  method  of  determining 
the  losses  and  hence  the  efficiency  is  only  approximate,  since  the 
losses  which  are  assumed  to  be  constant  do  actually  vary  to  some 
extent  with  the  load,  and  also  because  the  actual  loss  in  the  copper 
windings  is  sometimes  appreciably  greater  than  the  calculated  I'R 
loss.  The  difference  between  the  approximate  losses,  as  above  de- 
termined, and  the  actual  losses,  is  termed  the  **  stray  load  losses"*. 
These  latter  are  due  to  distortions  in  electric  or  magnetic  fluxes 
from  their  no-load  distributions  or  values,  brought  about  by  the  load 
current.  They  are  usually  only  approximately  measurable,  or  may 
be  indeterminable. 

*In  Table  V,  the  stray  load  losses  include  f.  h,  i,  k,  1  and  m;  but  do  not  include 
increased  core  losses  due  to  increased  excitation  for  comi>en8ating  internal  drop 
under  load. 
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435 


TABLE  V 
CUssillcAtioii  of  Losses  in  Machinery 

Losses  in  machinery  may  be  classified  as  follows: 


AccufoUly  Measurable 
or  Determinable 

Approximately 

Measurable  or 

Determinable 

Indeterminable 

a.  No-Load  Core  Losses 
including       eddy-current 
losses   in    conductors   at 
no-load 

c.  Brush  Friction 
Loss 

h.    Iron  Loss  due  to 
flux  distortion. 

b.  Load  PR  losses  in 
windings 

No-Load  VK  losses  in 
windings 

d.  Brush-Contact 
Loss 

«.  Eddy-Current  losses 
in  conductors  due  to 
transverse  fluxes  oc- 
casioned by  the  load 
currents. 

e.  Losses  due  to  wind- 
age and  to  bearing 
friction 

ik.  Eddy-Currentlosses 
in  conductors  due  to 
tooth  saturation  re- 
sulting from  distor- 
tion of  the  main  flUx. 

/.    Extra  copper  loss 
in  transformer  wind- 
ings,   due    to    stray 
fluxes  caused  by  load 
currents 

/.  Tooth-frequency 
losses  due  to  flux  dis- 
tortion   under   load. 

g.    Dielectric  Losses. 

Iff.  Short-Circuit  Loss 
of  Commutation. 

486  Eyaltiation  of  Losses.  The  larger  individual  losses  are  either 
accurately  or  approximately  determinable,  but  certain  of  the  in- 
determinable losses  reach  values  in  various  kinds  of  machinery 
which  require  that  they  should  be  taken  into  account. 


LOSSES  TO  BE  TAKEN  INTO  ACCOUNT  IN  VARIOUS  TYPES 
OF  MACHINES 

440      Direct-Current  Commutating  Motors  and  Generators. 

Core  losses.    See  (452. 

I'R  loss  in  all  windings. 

Brush  contact  I'R  loss.  Unless  otherwise  specified,  use  the  In- 
stitute Standard  of  1  volt  for  contact  drop  per  brush;  f.  e.,  2  volts 
for  total  brush  drop,  either  carbon  or  graphite  brushes.  (See  §  §454 
and  819) .  In  the  case  of  low  voltage  automobile  propulsion  motors 
and  generators  this  loss  should  be  determined  experimentally;  see 
§889. 

Friction  of  bearings  and   windage. 

Rheostat  losses,  when  present. 

Brush  friction.  ^  t 
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All  indeterminable  load  losses  (including  stray-load  iron 
losses)  which  may  be  important,  which  vary  with  the  design,  and  for 
which  no  satisfactory  method  of  determination  has  been  found,  shall 
be  included  as  zero  per  cent  in  estimating  conventional  efficiency. 

441  Synchronous  Motors  and  Generators. 

Core    losses.     See  (4^2. 

I*R    loss  in  all  windings,   based  upon  rated  k-va.  and   power 

factor. 
Stray  load-losses.     In  approximating  these  losses,  the  method 

described  in   (468  shall  be  employed. 
Friction  of  bearings  and  windage. 
Brush  friction  and  brush-contact  loss  is  negligible,  except   in 

the  case  of  revolving  armature  machines. 
Rheostat  losses,  when  present,  corresponding  to  rated  kv-a.  and 

power  factor. 

442  Induction  Machines. 

Core   losses.     See  §452. 

I*R  losses  in  all  windings. 

Stray  load-losses.  In  approximating  these  losses,  the  method 
described  in  (459  shall  be  employed 

Brush   friction    when    collector    rings   are   present. 

Brush-contact  loss.  Unless  otherwise  specified,  use  the  Insti- 
tute Standard  of  1  volt  for  contact  drop  per  brush,  for  either 
carbon  or  graphite  brushes.     See  (454. 

Friction  of  bearings  and  windage. 
448      Commutating  A-C.  Machines 

Core  losses.     See  (452. 

PR  losses  in  all  windings. 

Brush  friction. 

Brush-contact  loss.     Unless  otherwise  specified,  use  the  Insti 
tute    Standard  of    1  volt  for  contact  drop    per    brush,   for 
either  carbon  or  graphite  brushes.     See  (454  and  819. 

Friction  of  bearings  and  windage. 

Short-circuit  loss  of  commu- 
tation. 

Iron  loss  due  to  flux  distor- 
tion. 

Eddy-current  losses  due  to 
iuxes  varying  with  load 
and  saturation. 

144      Synchronous  Converters. 

Core  losses.    See  (452. 

I*R  losses  in  all  windings,  based  on  rated  kw.  and  unity  power 
factor.  The  I'R  losses  in  the  armature  winding  shall  be 
derived  from  those  corresponding  to  its  use  as  a  direct- 
current  generator,  by  using  suitable  factors. 

Brush  friction. 

Rheostat  losses  when  present,  corresponding  to  rated  kw.  and 
unity  power  factor. 
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Brush-contact  loss.  Unless  otherwise  specified,  use  the  Insti- 
tute Standard  of  1  volt  for  contact  drop  per  brush,  for 
either  carbon  or  graphite  brushes.     See  {454. 

Short-circuit  loss  of  commuta- 


These  losses,  while  usually  of 
low  magnitude,  are  erratic, 
and  the  Institute  is  not  at 
this  time  prepared  to  make 
recommendations  for  approxi- 
mating them. 


tion. 

Iron  loss  due  to  flux  distor- 
tion when  present. 

Eddy-current  losses  due  to 
fluxes  varying  with  load 
and    saturation. 

Friction  of  bearings  and  windage. 

For  the  booster  type  of  synchronous  converter,  where  the 
booster  forms  an  integral  part  of  the  unit,  its  losses  shall 
be  included  in  the  total  converter  losses  in  estimating  the 
efficiency. 

446      Transformers 

No-load  losses.    These  include  the  core  loss,  and  the  I'R  loss 

due  to  the  exciting  current,  also  the  dielectric  loss  in  the 

insulation.    (See  §470). 
Load  losses.     These  include  I'R  losses,  and  stray  load-losses 

due  to  eddy  currents  caused  by  fluxes  varying  with   load. 

(See  §471). 

DBTBRMINATION    OR  APPROXIMATION   OF   LOSSES  IN 
ROTATING    MACHINBRT 

450  Bearing  Friction  and  Windage  may  be  determined  as  follows. 
Drive  the  machine  from  an  independent  motor,  the  output  of  which 
shall  be  suitably  determined.  The  machine  under  test  shall  have  its 
brushes  removed  and  shall  not  be  excited.  This  output  represents 
the  bearing  friction  and  windage  of  the  machine  under  test. 

The  bearing  friction  and  windage  of  induction  motors  may  be 
measured  by  running  motors  free  at  the  lowest  voltage  at  which 
they  will  rotate  continuously  at  approximately  rated  speed;  the 
watts  input,  minus  I'R  loss,  under  these  conditions  being  taken 
as  the  friction  and  windage. 

In  the  case  of  engine-type  generators,  the  windage  and  bearing 
friction  loss  is  ordinarily  very  small,amounting  to  a  fraction  of  one 
per  cent  of  the  output.  In  these  rules  this  loss  is  neglected  owing 
to  its  small  value  and  the  difficulty  of  measuring  it. 

451  Brush  Friction  of  Commutator  and  Collector  Rings.  Follow  the 
test  of  t450|  taking  an  additional  reading  with  the  brushes  in  contact 
with  the  commutator  or  collector  rings.  The  difference  between  the 
output  obtained  in  the  test  in  (450  and  this  output  shall  be  taken  as 
the  brush  friction.  Note:  The  surfaces  of  the  commutator  and 
brushes  should  already  be  smooth  and  glazed  from  running  when 
this  test  is  made. 

452  Core  Loss.  Follow  the  test  of  §451  with  an  additional  reading 
taken  in  a  similar  manner,  except  that  the  machine  is  to  be  excited 
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so  as  to  produce  kt  the  terminals  a  voltage  corresponding  to  the  cal- 
culated intenial  voltage  for  the  load  under  consideration.  The 
difference  between  the  output  obtained  by  this  test  and  that  obtained 
by  test  under  Sec.  461  shall  be  taken  as  the  core  loss. 

For  Synchronout  Machines,  the  internal  voltage  shall  be 
determined  by  correcting  the  terminal  voltage  for  the  resist- 
ance drop  only. 

The  Core  Lots  of  Induction  Motors  may  be  determined  by 
measuring  the  watts  input  to  the  motor  when  running  free 
at  rated  voltage  and  frequency  and  subtracting  therefrom 
the  no-load  copper  loss,  bearing  friction  and  windage. 

464  The  Brush-Contact  1%  Loss  depends  largely  upon  the  material  of 
which  the  brush  is  composed.  As  indicating  the  range  of  variation 
the  following  table  will  be  of  interest: 

TABLB  VI. 
Brush-Contact  Drop. 


Onul*  of  Bnudi 

Volts    drop    ftcroM   one    bnaah-oonUct. 
(AToraseof  poritiToand  negatiTo  bruthaa) 

Htfd  Carboa 
Soft  Carbon 
Ontphlto 
lieUl-Graphite  typM 

1.1 
0.9 

0.6  toO.8 

0.16  to  0.6  (Tha  former  for  largeet  pioportlos 
of  metat) 

One  volt  drop  per  brush  shall  be  considered  as  the  Institute  Stand- 
ard drop  corresponding  to  the  I'R  brush-contact  loss,  for  car* 
bon  and  graphite  brushes.  Metal-graphite  brushes  shall  be  con- 
sidered as  special.     See  |819. 

466  Field-Rheostat  Losses  shall  be  included  in  the  generator  losses 
where  there  is  a  field  rheostat  in  series  with  the  field  magnets  of 
the  generator,  even  when  the  machine  is  separately  excited. 

466  Ventilating  Blower.  When  a  blower  is  supplied  as  part  of  a 
machine  set,  the  power  I'equired  to  drive  it  shall  be  charged  against 
the  complete  unit;  but  not  against  the  machine  alone. 

467  Losses  in  Other  Auxiliary  Apparatus.  Auxiliary  apparatus,  such  as 
a  separate  exciter  for  a  generator  or  motor,  shall  have  its  losses 
charged  against  the  plant  of  which  the  generator  and  exciter  are 
a  part,  and  not  against  the  generator.  An  exception  should  be 
noted  in  the  case  of  turbo-generator  sets  with  direct-connected 
exciters,  in  which  case  the  losses  in  the  exciter  shall  be  charged 
against  the  generator.     The  actual  energy  of  excitation  and  the 
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field-rheostat  losses,  if  any,  (see  §466)  shall  be  charged  against  the 
generator. 

468  Stray  Load-Losses  in  Synchronous  Generators  and  Motors.  These 
include  iron  losses,  and  eddy-current  losses  in  the  copper,  due  to 
fluxes  varying  with  load  and  also  to  saturation. 

Stray  load-losses  are  to  be  determined  by  operating  the  machine 
on  short  circuit  and  at  rated-load  current.  This,  after  deducting  the 
windage  and  friction  and  I'R  loss,  gives  the  stray  load-loss  for 
polyphase  generators  and  motors.  These  losses  in  single-phase 
machines  are  large;  but  the  Institute  is  not  yet  prepared  to  specify 
a  method  for  measuring  them. 

469  Stray  Load-Losses  in  Induction  Machines. 

These  include  eddy-current  losses  in  the  stator  copper,  and  other 
eddy-current  losses  due  to  fluxes  varying  with  the  load.  In  wind« 
ings  consisting  of  relatively  small  conductors,  these  eddy-current 
losses  are  usually  negligible. 

With  rotor  removed,  measure  the  power  input  to  the  stator  with 
different  values  of  current  at  the  rated  frequency.  The  curve  plotted 
with  these  values  gives  the  combined  I^R  and  stray  load-losses  due 
to  eddy  currents  in  the  stator  copper.  Deduct  the  I*R  loss  deter- 
mined from  the  resistance,  and  the  difference  will  represent  the  stray 
load-losses  corresponding  to  the  various  currents.  While  this  method 
is  not  accurate  for  some  types  of  motors  it  usually  represents 
a  sufficiently  good  approximation. 
460  Polyphase  Induction-Motor  Rotor  I^  Lost.  This  should  be  de* 
termined  from  the  slip,  whenever  the  latter  is  accurately  determinable, 
using  the  following  equation: 

«          ^„,              Output  X  slip 
Rotor  PR  loss 


1  -  slip 

In  large  slip-ring  motors,  in  which  the  slip  cannot  be  directly  meas- 
ured by  loading,  the  rotor  I'R  loss  shall  be  determined  by  direct 
resistance  measurement;  the  rotor  full-load  current  to  be  calculated 
by  the  following  equation: 

^  watts  output 

Current  pernng  —  j= 

rotor  voltage  at  stand-still  X  V  3  X  K 

This  equation  applies  to  three-phase  rotors.  For  rotors  wound 
for  two  phase,  use  2  instead  of  the  -y^S.  K  may  be  taken  as  0.96 
for  motors  of  150  kw.  or  larger.  The  factor  K  usually  decreases 
as  the  size  of  motor  is  reduced,  but  no  specific  value  can  be  stated 
for  smaller  sizes. 

DBTBRMINATION    OR    APPROXIMATION    OP    LOSSES    19 
TRANSFORMERS 

470      No-Load  Losses.    These  shall  be  measured  with  open  secondary 
circuit  at  the  rated  frequency,  and  with  an  applied  primary  voltage 
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giving  the  rated  secondary  voltage  plus  the  IR  drop  which  occurs 
in  the  secondary  under  rated  load  conditions. 

471  Load  Losses.  These  include  I*R  and  stray  load-losses.  They 
shall  be  measured  by  applying  a  primary  voltage,  preferably  at  rated 
frequency,  sufficient  to  produce  rated  load  current  in  the  windings, 
with  the  secondary  windings  short  circuited. 

DIELECTRIC  STRENGTH  TESTS  OF  MACHINBRT 

480  Basis  for  Determining  Test  Voltages.  The  test  voltage  which 
shall  be  applied  to  determine  the  suitability  of  insulation  for  com- 
mercial operation  is  dependent  upon  the  kind  and  size  of  the  ma- 
chinery, and  its  normal  operating  voltage,  upon  the  nature  of  the 
service  in  which  it  is  to  be  used,  and  upon  the  severity  of  the  me- 
chanical and  electrical  stresses  to  which  it  may  be  subjected.  The 
voltages,  and  other  conditions  of  test  which  are  recommended, 
have  been  determined  as  reasonable  and  proper  for  the  great  majority 
of  cases,  and  are  proposed  for  general  adoption,  except  when  specific 
reasons  make  a  modification  desirable. 

481  Condition  of  Machinery  to  be  Tested.  Commercial  tests  shall, 
in  general,  be  made  with  the  completely  assembled  machinery 
and  not  with  individual  parts.  The  machinery  shall  be  in  good 
condition,  and  high-voltage  tests,  unless  otherwise  specified,  shall  be 
applied  before  the  machine  is  put  into  commercial  service,  and  shall 
not  be  applied  when  the  insulation  resistance  is  low  owing  to  dirt  or 
moisture.  High-voltage  tests  shall  be  made  at  the  temperature  as- 
sumed under  normal  operation  or  at  the  temperature  attained  under 
the  conditions  of  commercial  testing.  High-voltage  tests  to  determine 
whether  specifications  are  fulfilled,  are  admissible  on  new  ma- 
chines only.  Unless  otherwise  agreed  upon,  high- voltage  tests  of  a 
machine  shall  be  understood  as  being  made  at  the  factory. 

482  Points  of  Application  of  Voltage.  The  test  voltage  shall  be  suc- 
cessively applied  between  each  electric  circuit  and  all  other  elec- 
tric circuits  and  metal  parts  grounded. 

488  Interconnected  Polyphase  Windings  are  considered  as  one  circuit. 
All  windings  of  a  machine  except  that  under  test,  shall  be  connected 
to  ground. 

484  Frequency,  Wave  Form  and  Test  Voltage.  The  frequency  of 
the  testing  circuit  shall  not  be  less  than  the  rated  frequency  of  the 
apparatus  tested.  A  sine-wave  form  is  recommended.  See  |408. 
The  test  shall  be  made  with  alternating  voltage  having  a  crest 
value  equal  to  '\/2  times  the  specified  test  voltage.  In  d.c.  machines, 
and  in  the  general  commercial  application  of  a.c.  machines,  the 
testing  frequency  of  60  cycles  per  second  is  recommended. 

486  Duration  of  Application  of  Test  Voltage.  The  testing  voltai^e 
for  all  classes  of  apparatus  shall  be  applied  continuously  for  a  period 
of  60  seconds.     See  exception,  486A. 
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486A  Exception — For  All  Standard  Devices  Produced  in  Large  Quanti- 
tiet  and  with  a  standard  test  pressure  of  2500  volts  or  less,  a  test 
pressure  applied  for  one  second  20  per  cent  higher  than  the  one- 
minute  test  pressure  will  be  satisfactory. 

486  Apparatus  for  Use  on  Single-Phase,  S-Phase-Delta  or  8-Phase- 
Star  Circuits.  Apparatus,  such  as  transformers,  which  may  be  used 
in  star  connection  on  three-phase  circuits,  shall  have  the  delta 
voltage  of  the  circuits  on  which  they  may  be  used  indicated  on  the 
rating  plate  and  the  test  shall  be  based  on  such  delta  voltage. 

VALUBS  OF  A*C.  TSST  VOLTAGBS 

600  The  Standard  Test  for  All  Classes  of  Apparatus,  Bxcept  as  Other- 
wise Specified,  Shall  be  Twice  the  Normal  Voltage  of  the  Circuit 
to  Which  the  Apparatus  is  Connected,  Plus  1000  Volts. 

601  Exception — Alternating-Current  Apparatus  connected  to  Perma- 
nently Grounded  Single-Phase  Systems,  for  use  on  Permanently 
Orpunded  Circuits  of  more  than  300  Volts,  shall  be  tested  with 
2.73  times  the  voltage  of  the  circuit  to  ground  +  1000  volts.  This 
does  not  refer  to  three-phase  apparatus  with  grounded  star  neutral. 

605  Exception — Distributing  Transformers.  Transformers  for  pri- 
mary pressures  from  550  to  5000  volts,  the  secondaries  of  which  are 
directly  connected  to  consumers'  circuits  and  commonly  known  as 
distributing  transformers,  shall  be  tested  with  10,000  volts  from 
primary  to  core  and  secondary  combined.  The  secondary  windings 
shall  be  tested  with  twice  their  normal  voltage  plus  1000  volts. 

603  Exception — Auto-Transformers  used  for  starting  purposes,  shall 
be  tested  with  the  same  voltage  as  the  test  voltage  of  the  appa- 
ratus to  which  they  are  connected 

604  Exception — Household  Devices.  Apparatus  taking  not  over 
660  wattsf  and  intended  solely  for  operation  on  supply  circuits  not 
exceeding  250  volts,  shall  be  tested  with  000  volts,  except  in  the 
case  of  heating  devices  which  shall  be  tested  with  500  volts  at  oper- 
ating temperature. 

606  Exception — Apparatus  for  use  on  Circuits  of  26  Volts  or  Lower, 

such  as  bell- ringing  apparatus,*  electrical  apparatus  used  in  automo- 
biles, apparatus  used  on  low-voltage  battery  circuits,  etc.,  shall  be 
tested  with  500  volts. 

606  Exception — Field   Windings   of   Alternating-Current    Generators 

shall  be  tested  with  10  times  the  exciter  voltage,  but  in  no  case  with 
less  than  1500  volts  nor  more  than  3500  volts. 

607  Exception — Field  Windings^  of  Synchronous  Machines,  in- 
cluding motors  and  converters  which  are  to  be  started  from  al- 
ternating-current circuits,  shall  be  tested  as  follows: 

fXhe  present  National  Electric  Code  power  limit  for  a  single  outlet. 

*Thi8  rule  does  not  include  bell-ringing  transformers  of  ratio  125  to  6  volts.  See 
National  Electric  Code. 

tSeries  field  coils  should  be  regarded  as  part  of  the  armature  circuit  and  tested  as 
such. 
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a.  When  machines  are  started  with  fields  short-circuited  they 
shall  be  tested  as  specified  in  {606. 

b.  When  machines  are  started  with  fields  open-circuited  and 
sectionalized  while  starting,  they  shall  be  tested  with  5000  volts. 

c.  When  machines  are  started  with  fields  open-circuited  and 
connected  all  in  series  while  starting,  they  shall  be  tested  with  5000 
volts  for  less  than  275-volt  excitation  and  8000  volts  for  excitation 
of  276  volts  to  760  volts. 

608  Exception.  Phase-Wound  Retort  of  Induction  Motort.  The 
secondary  windings  of  wound  rotors  of  induction  motors  shall  be 
tested  with  twice  their  normal  induced  voltage,  plus  1000  volts. 
By  normal  induced  voltage  is  here  meant  the  voltage  between 
slip  rings  on  open  circuit  at  standstill  with  normal  voltage  impressed 
on  the  primary. 

When  induction  motors  with  phase- wound  rotors  are  reversed, 
while  running  at  approximately  normal  speed,  by  reversing  the 
primary  connections,  the  test  shall  be  four  times  the  normal  in- 
duced voltage,  plus  1000  volts. 

609  Exception — Switches  and  Circuit  Control  Apparatus  above  600 
volts,  shall  be  tested  with  2}  times  rated  voltage,  plus  2000  volts. 
See  {720  to  741. 

610  Exception — Assembled  Apparatus.  Where  a  number  of  pieces 
of  apparatus  are  assembled  together  and  tested  as  an  electrical  unit, 
they  shall  be  tested  with  16  per  cent  lower  voltage  than  the  lowest 
required  on  any  of  the  individual  pieces  of  apparatus. 

610A  Exception.  Meters  and  Instruments.  The  Institute  is  not  at 
present  in  a  position  to  make  a  recommendation  in  regard  to  the 
dielectric  tests  of  meters  and  instruments. 

611  Testing  Transformers  by  Induced  Voltage.  Under  certain  con- 
ditions it  is  permissible  to  test  transformers  by  inducing  the  required 
voltage  in  their  windings,  in  place  of  using  a  separate  testing  trans- 
former. By  "required  vpltage",  is  meant  a  voltage  such  that  the  line 
end  of  the  windings  shall  receive  a  test  to  ground  equal  to  that  re- 
quired by  the  general  rules. 

612  Transformers  with  Graded  Insulation  shall  be  so  marked.  They 
shall  be  tested  by  inducing  the  required  test- voltage  in  the  transfor- 
mer and  connecting  the  successive  line  leads  to  ground. 

Transformer  windings  permanently  grounded  within  the  trans- 
former shall  be  tested  by  inducing  the  required  test  voltage  in 
such   windings.     (See  (600). 


MBASURBMBNT  OP  VOLTAGB  IN  DIBLBCTRIC  TBSTS 
OF  MACHINBRT 

680      Use    of   Voltmeters    and    Spark-Gaps     in    Insolatioii     Tests. 

When  making  insulation     tests    on    electrical    machinery,    every 
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precaution  must  be  taken  against  the  occurrence  of  any  spark- 
gap  discharges  in  the  circuits  from  which  the  machinery  is  being 
tested.  A  non-inductive  resistance  of  about  one  ohm  per 
volt  shall  be  inserted  in  series  with  one  terminal  of  the  spark  gap. 
If  the  test  is  made  with  one  electrode  grounded,  this  resistance  shall  be 
inserted  directly  in  series  with  the  non-grounded  electrode.  If 
neither  terminal  is  grounded »  one-half  shall  be  inserted  directly  in 
series  with  each  electrode.  In  any  case  this  resistance  shall  be  as 
near  the  measuring  gap  as  possible  and  not  in  series  with  the  tested 
apparatus.  The  resistance  will  damp  high-frequency  oscillations 
at  the  time  of  breakdown  and  limit  the  current  which  will  flow. 
A  water  tube  is  the  most  reliable  form  of  resistor.  Carbon  resistors 
should  not  be  used  because  their  resistance  may  become  very  low  at 
high  voltages. 

681  For  Machineiy  of  Low  Capacitance.  When  the  machinery 
under  test  does  not  require  sufficient  charging  current  to 
distort  the  high -voltage  wave  shape,  or  change  the  ratio  of  transfor- 
mation, the  spark  gap  should  be  set  for  the  required  test  voltage  and 
the  testing  apparatus  adjusted  to  give  a  voltage  at  which  this  spark 
gap  just  breaks  down.  This  adjustment  should  be  made  with  the 
apparatus  under  test  disconnected.  The  apparatus  should  then  be 
connected,  and  with  the  spark  gap  about  20  per  cent  longer,  the 
testing  apparatus  is  again  adjusted  to  give  the  voltage  of  the 
former  breakdown,  which  is  the  assumed  voltage  of  test.  This 
voltage  is  to  be  maintained  for  the  required  interval. 

682  For  Machineiy  of  High  Capacitance.  When  the  charging 
current  of  the  machinery  under  test  may  appreciably  distort 
the  voltage  wave  or  change  the  effective  ratio,  of  the  testing  trans- 
former, the  first  adjustment  of  voltage  with  the  gap  set  for  the 
test  voltage  should  be  made  with  the  apparatus  under  test  con- 
nected to  the  circuit  and  in  parallel  with  the  spark  gap. 

When  making  arc-over  tests  of  large  insulators,  leads,  etc.  partial 
arc-over  of  the  tested  apparatus  may  produce  oscillations  which  will 
cause  the  measuring  gap  to  discharge  prematurely.  The  measured 
voltage  will  then  appear  too  high.  In  such  tests  the  "  equivalent  *' 
ratio  "  of  the  testing  transformer  should  be  measured  by  gap  to  within 
20%  of  the  arc-over  voltage  of  the  tested  apparatus  with  the  tested 
apparatus  in  circuit.  The  measuring  gap  should  then  be  greatly 
lengthened  out  and  the  voltage  increased  until  the  tested  apparatus 
arcs  over..  This  arc-over  voltage  should  then  be  determined  by  mul- 
t' plying  the  voltmeter  reading  by  the  equivalent  ratio  found  above. 
Direct  measurement  of  the  spark-over  voltage*  over  one  gap  by 
another  gap  should  always  be  avoided. 

688  Measurements  with  Voltmeter.     In    measuring     the    voltage 

with  a  voltmeter,  the  instrument  should  preferably  derive  its 
voltage  from  the  high-tension  circuit,  either  directly,  or  by  means  of 
a  voltmeter  coil  placed  in  the  testing  transformer,  or  through  an 
auxiliary  ratio  transformer.  It  is  permissible  to  measure  the  voltage 
at  other  places,  such  as  the  transformer  primary  provided  cor- 
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rections  can  be  made  for  the  variations  in  ratio  caused  by 
the  charging  current  of  the  machinery  under  test,  or  pro- 
vided there  is  no  material  variation  of  this  ratio.  In  any  case, 
when  the  capacitance  of  the  apparatus  to  be  tested  is  such  as 
to  cause  wave  distortion,  the  testing  voltage  must  be  checked  by  a 
spark  gap  as  set  forth  in  §688,  or  by  a  crest  voltage  meter.  If  the 
crest- voltage  meter  is  calibrated  in  crest  volts,  its  readings  must  be 
reduced  to  the  corresponding  r.  m.  s.  sinusoidal  value  by  dividing  with 

Va. 

684  Measurementt  with  Spark  Gaps.  If  proper  precautions 
are  observed,  spark  gaps  may  be  used  to  advantage  in  checking 
the  calibration  of  voltmeters  when  set  up  for  the  purposes  of  high- 
voltage  tests  of  the  insulation  of  machinery. 

686  Ranges  of  Voltages.  For  the  calibrating  purposes  set  forth 
in  {684  the  sphere-gap  shall  be  used  for  voltages  above  50  kv., 
and  is  to  be  preferred  down  to  30  kv.  The  needle  spark-gap  may, 
however,    be    used  for  voltages  from    10  to  50  kv. 

686  The  Needle  Spark  Gap.  The  needle  spark  gap  shall  consist  of 
new  sewing  needles,  supported  axially  at  the  ends  of  linear  conductors 
which  are  at  least  twice  the  length  of  the  gap.  There  must 
be  a  clear  space  around  the  gap  for  a  radius  of  at  least  twice  the  gap 
length. 

687  The  sparking  distances  in  air  between  No.  00  sewing  needle  points 
for  various  root-mean-square  sinusoidal  voltages  are  as  follows: 


TABLB  Vn. 
Needle- Gap  Spark-Over  Voltages 

(At  25 ""C  and  760  mm.  barometer). 


R.M.S   Kilovolts 

Millimeters 

R.M.S.  Kilovolts 

Millimeters 

10 

11.9 

35 

51 

15 

18.4 

40 

62 

20 

25.4 

45 

75 

25 

33 

50 

90 

30 

41 

The  above  values  refer  to  a  relative  humidity  of  80  per  cent. 
Variations  from  this  humidity  may  involve  appreciable  variations 
in  the  sparking  distance. 

688  The  Sphere  Spark-Gap.  The  standard  sphere  spark-gap  shall 
consist  of  two  suitably  mounted  metal  spheres.  When  used  as  speci- 
fied below,  the  accuracy  obtainable  should  be  approximately  2  per 
cent. 
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No  extraneous  body,  or  external  part  of  the  circuit,  shall  be  nearer 
the  gap  than  twice  the  diameter  of  the  spheres.  By  the  "  gap  "  ii 
meant  the  shortest  path  between  the  two  spheres. 

The  shanks  should  not  be  greater  in  diameter  than  l/5th  the  sphere 
diameter.  Metal  collars,  etc.,  through  which  the  shanks  extend, 
should  be  as  small  as  practicable  and  should  not,  during  any  meas- 
urement, come  closer  to  the  sphere  than  the  maximum  gap  length 
used  in  that  measurement. 

The  sphere  diameter  should  not  vary  more  than  0.1  per  cent  and 
the  curvature,  measured  by  a  spherometer,  should  not  vary 
more  than  1  per  cent  from  that  of  a  true  sphere  of  the  required 
diameter. 

689  In  using  the  spherometer  to  measure  the  curvature,  the  distance 
between  the  points  of  contact  of  the  spherometer  feet  should  be 
within  the  following  limits: 


TABLE  Vni 
Spherometer  Specifications 


Diameter  of  Sphere 
in  m.m. 

Distance  between   contact  points  in  mm. 

Maximum 

Minimum 

62.6 
126 
260 
600 

36 

46 

66 

100 

26 
36 
46 
66 

689A  In  using  Sphere  Gaps  constructed  as  above,  it  is  assumed  that  the 
apparatus  will  be  set  up  for  use  in  a  space  comparatively  free  from 
external  dielectric  fields.  Care  should  be  taken  that  conducting 
bodies  forming  part  of  the  circuit,  or  at  circuit  potential,  are  not  so 
located  with  reference  to  the  gap  that  their  dielectric  fields  are  super- 
posed on  the  gap;  e.^.,  the  protecting  resistance  should  not  be  arranged 
so  as  to  present  large  masses  or  surfaces  near  the  gap,  even  at  a  dis- 
tance of  two  sphere  diameters. 

In  case  the  sphere  is  grounded,  the  spark  point  of  the  grounded 
sphere  should  be  approximately  five  diameters  above  the  floor  or 
ground. 

640      The  sparking  distances  between  different  spheres  for  various  r.m.s 
sinusoidal  voltages  shall  be  assumed  to  be  as  follows: 
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TABLB  IX. 
Sphere- Gap  Spark-Over  Voltages 

(At  86*C  and  760  mm.  barometric  pretsttre) 


Sparldnc  Distance  in  Millimeten. 

KUo- 

62.6  mm. 

•pherea 

125  mm. 

spheres 

250  mm. 

spheres 

500  mm 

.spheres 

▼olts 

Ona 

Both 

One 

Both 

One 

Both 

One 

Both 

•phere 

sphere! 

sphere 

spheres 

sphere 

spheres 

sphere 

spheres 

grounded 

insulated 

grounded 

insulated 

grounded 

insulated 

grounded 

insttUted 

10 

4.2 

4.2 

90 

8.6 

8.6 

, , 

30 
40 

14.1 

14.1 

14.1 

14.1 

19.2    ^ 

10.2 

10.1 

19.1 

, , 

50 

25.6 

25.0 

24.4 

24.4 

. , 

eo 

34.5 

32.0 

30. 

30. 

20 

20 

70 

46.0 

30.5 

36 

36 

35 

35 

80 

62.0 

40.0 

42 

42 

41 

41 

41 

41 

00 

60.5 

40 

40 

46 

45 

46 

45 

100 

56 

65 

62 

51 

52 

51 

190 

79.7 

71 

64 

63 

63 

62 

140 

108 

88 

78 

77 

74 

73 

leo 

150 

110 

92 

00 

86 

83 

180 

138 

100 

106 

07 

95 

300 

128 

123 

108 

106 

220 

150 

141 

120 

117 

240 

177 

160 

133 

130 

360 

210 

180 

148 

144 

280 

250 

203 

163 

158 

300 

231 

177 

171 

320 

265 

104 

187 

340 

214 

304 

360 

234 

221 

380 

255 

230 

400 

276 

257 

The  sphere  gap  is  more  sensitive  than  the  needle  gap  to  momentary  rises  of  Toltage 

and  the  voltage  required  to  spark  over  the  gap  should  be  obtained  by  slowly  dosing 

.  the  gap  under  constant  voltage,  or  by  slowly  raising  the  voltage  with  a  fixed  setting 

of  the  gap.     Oi>en  arcs  should  not  be  permitted  in  proximity  to  the  gap  during 

its  operation,  as  they  may  affect  its  calibration. 


AIR-DBNSITY  CORRECTION-FACTORS  FOR  SPHBRB  GAPS 

641  The  Spark-Over  Voltage,  for  a  given  gap»  decreases  with  decreasing 
barometric  pressure  and  increasing  temperature.  This  correction 
may  be  considerable  at  high  altitudes. 

The  spacing  at  which  it  is  necessary  to  set  a  gap  to  spark  over  at 
some  required  voltage,  is  found  as  follows:  Divide  the  required 
voltage  by  the  correction  factor  given  below  in  Table  X.     A   new 
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voltage  is  thus  obtained.  The  spacing  on  the  standard  curves  ob- 
tained from  Table  IX,  corresponding  to  this  new  voltage,  is  the  re- 
quired  spacing. 

The  voltage  at  which  a  given  gap  sparks  over  is  found  by  taking  the 
voltage  corresponding  to  the  spacing  from  the  standard  curves  of 
Table  IX,  and  multiplying  by  the  correction  factor. 

When  the  variation  from  sea  level  is  not  great,  the  relative  air 
density  may  be  used  as  the  correction  factor;  when  the  variation  is 
great,  or  greater  accuracy  is  desired,  the  correction  factor  correspond- 
ing to  the  relative  air  density  should  be  taken  from  Table  X  below, 
in  which 


Relative  air  density 


0.392  b 
273  + 1 


de- 


ft ->  barometric  pressure  in  mm. 

t  ->  temperature  in  deg.  C. 

Corrected  curves  may  be  plotted  for  any  given  altitude,  if 
sired. 

Values  of  relative  air  density  and  corresponding  values  of  the  cor- 
rection factor  are  tabulated  below.  It  will  be  seen  that  for  values 
above  .0,  the  correction  factor  does  not  differ  greatly  from  the  relativ  e 
air  density. 


TABLE  X. 
Air-Dennty  Correction  Factors  for  Sphere  Gaps 


ReUtive 

air 
dMuitr 

DUmeter  of  tUndard  ipheret  in  mm. 

02.6 

126 

260 

600 

0.60 
0.66 
0.60 

0.66 
0.70 
0.76 

0.80 
0.86 
0.00 

0.06 
1.00 
1.06 

1.10      ' 

0.647 
0.604 
0.640 

0.686 
0.732 
0.777 

0.821 
0.866 
0.010 

0.066 
1.000 
1.044 

1.000 

0.636 
0.683 
0.630 

0.677 
0.724 
0.771 

0.816 
0.862 
0.008 

0.066 
1.000 
1.046 

1.002 

0.627 
0.676 
0.623 

0.670 
0.718 
0.766 

0.812 
0.860 
0.006 

0.064 
1.000 
1.046 

1.004 

0.610 
0.667 
0.616 

0.668 
0.711 
0.760 

0.807 
0.866 
0.004 

0.062 
1.000 
1.048 

1.006 
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INSULATION  RESISTANCE  OF  MACHINERT 

650      The  intulftllon  ratistaiiee  of  a  madiiiio  at  its  operating  temperature 
shall  be  not  less  than  that  given  by  the  following  formula: 

,    .      «    .                         ,                  voltage  at  terminals 
Insulation  Resistance  m  megohms  ■ 


rated  capacity  in  kv-a.  +1000 

The  formula  only  applies  to  dry  apparatus.  Such  high  values  are 
not  attainable  in  oil-immersed  apparatus. 

Insulation  resistance  tests  shall,  if  possible,  be  made  at  a  d.c.  pressure 
of  600  volts.  Since  the  insulation  resistance  varies  with  the  pressure, 
it  is  necessary  that,  if  a  pressure  other  than  500  volts  is  to  be  employed 
in  any  case,  this  other  pressure  shall  be  clearly  specified. 

The  order  ol  magnitude  of  the  values  obtained  by  this  rule  is 
shown  in  the  following  table: 

TABLB  XI. 
Insulation  Resistance  of  Machinery 


RsUd 
of  maehlM 

-— 

100  kv-a.        1              1000  kv-a. 

10.000  kTHU 

100 

IJOCO 

10.000 

0.001 

0.01 

0.1 

O.OS 
0.60 
1.0 
60 

O.Oil 

0.01 

0.1 

661  It  should  be  noted  that  the  insulation  resistance  of  machinery  is  of 
doubtful  significance  by  comparison  with  the  dielectric  strength. 
The  insulation  resistance  is  subject  to  wide  variation  with  temperature 
humidity  and  cleanliness  of  the  parts.  When  the  insulation 
resistance  falls  below  that  corresponding  to  the  above  n^ile,  it  can. 
in  most  cases  of  good  design  and  where  no  defect  exists,  be  brought  up 
to  the  required  standard  by  cleaning  and  drying  out  the  machine. 
The  insulation-resistance  test  may  therefore  afford  a  useful  indi- 
cation as  to  whether  the  machine  is  in  suitable  condition  for  the 
application  of  the  dielectric  test. 

REGULATION 
DEFINITIONS 
660  Regulation.  The  regulation  of  a  machine  in  regard  to  some 
characteristic  quantity  (such  as  terminal  voltage  or  speed)  is  the 
change  in  that  quantity  occurring  between  any  two  loads.  Unless 
otherwise  specified,  the  two  loads  considered  shall  be  zero  load  and 
rated  load,  and  at  the  temperature  attained  under  normal 
operation.  The  regulation  may  be  expressed  by  stating  the  nu- 
merical values  of  the  quantity  at  the  two  loads,  or  it  may  bo  ox* 
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pressed  by  the  '*  percentage  regulation",  which  is  the  percentage 
ratio  of  the  change  in  the  quantity  occurring  between  the  two 
loads,  to  the  value  of  the  quantity  at  either  one  or  the  other  load, 
taken  as  the  normal  value.  It  is  assumed  that  all  parts  of  the 
machine  affecting  the  regulation  maintain  constant  temperature 
between  the  two  loads,  and  where  the  influence  of  temperature  is  of 
consequence,  a  reference  temperature  of  76 *C  shall  be  considered  as 
standard.  If  change  of  temperature  should  occur  during  the  tests, 
the  results  shall  be  corrected  to  the  reference  temperature  of  75 ^C. 

The  normal  value  may  be  either  the  no-load  value,  as  the  no-load 
speed  of  induction  motors;  or  it  may  be  the  rated-load  value,  as  in 
the  voltage  of  a.c.  generators. 

It  is  usual  to  state  the  regulation  of  d-c.  generators  by  giving 
the  numerical  values  of  the  voltage  at  no  load  and  rated  load,  and  in 
some  cases  it  is  advisable  to  state  regulation  at  intermediate  loads. 

661  The  Regulation  of  d-c.  Generators  refers  to  changes  in  voltage 
corresponding  to  gradual  changes  in  load  and  does  not  relate  to  the 
comparatively  large  momentary  fluctuations  in  voltage  that  fre- 
quently accompany  instantaneous  changes  in  load. 

In  determining  the  regulation  of  a  compound- wound  d-c.  gener- 
ator, two  tests  shall  be  made,  one  bringing  the  load  down  and  the 
other  bringing  the  load  up,  between  no-load  and  rated  load. 
These  may  differ  somewhat,  owing  to  residual  magnetism.  The 
mean  of  the  two  results  shall  be  used. 

662  In  conttant«*potential  a-e.  generatort^  the  regulation  is  the  rise 
in  voltage  (when  the  specified  load  at  specified  power  factor  is 
reduced  to  zero)  expressed  in  per  cent  of  normal  rated-load  voltage. 

668  In  constant-current  machines»  the  regttlation  is  the  ratio  of  the 
maximum  difference  of  current  from  the  rated-load  value  (occurring 
in  the  range  from  rated-load  to  short-circuit,  or  minimum  limit 
of  operation),  to  the  rated-load  current. 

664  In  constant-speed  direct-current  motors,  and  induction  motors, 
the  regulation  is  the  ratio  of  the  difference  between  full-load  and  no- 
load  speeds  to  the  no-load  speed. 

666  In  constant-potential  transformers,  the  regulation  is  the  difference 
between  the  no-load  and  rated-load  values  of  the  secondary  terminal 
voltage,  at  the  specified  power  factor  (with  constant  primary  im- 
pressed terminal  voltage)  expressed  in  per  cent  of  the  rated-load 
secondary  voltage,  the  primary  voltage  being  adjusted  to  such  a 
value  that  the  apparatus  delivers  rated  output  at  rated  secondary 
voltage. 

666  In  converters,  dynamotors,  motor-generators  and  frequency 
converters,  the  regulation  is  the  change  in  the  terminal  voltage  of 
the  output  side  between  the  two  specified  loads.  This  may  be 
expressed  by  giving  the  numerical  values,  or  as  the  percentage  of 
the  terminal  voltage  at  rated  load. 

667  In  transmission  lines,  feeders  etc.,  the  regulation  is  the  change 
in  the  voltage  at  the  receiving  and  between  rated  non-inductive 

load  and  no  load,  with  constant  impressed  voltage  upon  the  sendinr^        i 
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end.     The  percentage  regulation  is  the  percentage  change  in  voltage 
to  the  normal  rated  voltage  at  the  receiving  end. 

668  In  tteam  engines,  tteam  turbines  and  internal  combustion  •nginesi 
the  percentage  speed  regulation  is  usually  expressed  as  the  per- 
centage ratio  of  the  maximum  variation  of  speed,  to  the  rated-load 
speed  in  passing  slowly  from  rated  load  to  no  load  (with  constant 
conditions  at  the  supply.) 

669  If  the  test  is  made  by  passing  suddenly  from  rated  load  to  no 
load,  the  immediate  percentage  speed  regulation  so  derived  shall 
be  termed  the  fluctuation. 

670  In  a  hydraulic  turbine,  or  other  water  motor,  the  percentage 
speed  regidation  is  expressed  as  the  percentage  ratio  of  the  maximum 
variation  in  speed  in  passing  dowly  from  rated  load  to  no  load  (at 
constant  head  of  water),  to  the  rated-load  speed. 

671  In  a  generator  unit,  consisting  of  a  generator  combined  with  a 
prime  mover,  the  speed  or  voltage  regulation  should  be  determined 
at  constant  conditions  of  the  prime  mover;  i.e.  constant  steam- 
pressure,  head,  etc.  It  includes  the  inherent  speed  variations  of 
the  prime  mover.  For  this  reason,  the  regtdation  of  a  generator 
unit  is  to  be  distinguished  from  the  regtdation  of  either  the  prime 
mover,  or  of  the  generator  combined  with  it,  when  taken  separately. 

CONDITIONS  FOR  TESTS  OF  REGULATION 

660  Speed  and  Frequency.  The  regulation  of  generators  is  to  be 
determined  at  constant  speed,  and  of  alternating-current  apparatus 
at  constant  frequency. 

681  Power  Factor.  In  apparatus  generating,  transforming  or  trans- 
mitting alternating  currents,  the  power  factor  of  the  load  to  which 
the  regulation  refers  should  be  specified.  Unless  otherwise  specified, 
it  shall  be  understood  as  referring  to  non-inductive  load,  that  is 
to  a  load  in  which  the  current  is  in  phase  with  the  e.mf.  at  the  out- 
put side  of  the  apparatus. 

682  Wave  Form.  In  the  regulation  of  alternating-current  machinery 
receiving  electric  power,  a  sine  wave  of  voltage  is  assumed,  except 
where  expressly  specified  otherwise.     See  §406. 

688  Excitation.  In  commutating  machines,  rectifying  machines,  and 
synchronous  machines,  such  as  direct-current  generators  and  motors, 
as  well  as  in  alternating-current  generators,  the  regulation  is  to  be 
determined  under  such  conditions  as  to  maintain  the  field  adjustment 
constant  at  that  which  gives  rated-load  voltage  at  rated-load 
current,  as  follows: 

(1)  In  the  case  of  separately-excited   field    magnets — constant 
excitation. 

(2)  In  the  case  of  shunt  machines,  constant  resistance  in  the  shunt- 
field  circuit. 

(3)  In  the  case  of  series  or  compound  machines,  constant  resist- 
ance shunting  the  series-field  windings. 
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684      Tests  and  CompuUtion  of  Regulation  of  A-C.  Generators. 

Any  one  of  the  three  following  methods  may  be  used.  Thd^  are 
given  in  the  order  of  preference. 

Method  a. 

The  regulation  can  be  measured  directly,  by  loading  the  gener- 
ator at  the  specified  load  and  power  factor,  then  reducing  the  load  to 
zero,  and  measuring  the  terminal  voltage,  with  speed  and  excitation 
adjusted  to  the  same  values  as  before  the  change.  This  method 
is  not  generally  applicable  for  shop  tests,  particularly  on  large 
generators,  and  it  becomes  necessary  to  determine  the  regulation 
from  such  other  tests  as  can  be  readily  made. 
686      Method  b. 

This  consists  in  computing  the  regulation  from  experimental 
data  of  the  open-circuit  saturation  curve  and  the  zero-power* 
factor  saturation  curve.     The   latter   curve,    or   one   approximate 


field  excitation 
Fig.  1 


ing  very  closely  to  it,  can  be  obtained  by  running  the  generator 
with  over  excitation  on  a  load  of  idle-running  under-excited  syn- 
chronous motors.  The  power  factor  under  these  conditions  is  very 
low  and  the  load  saturation  curve  approximates  very  closely  the  zero 
power  factor  saturation  curve.  Prom  this  curve  and  the  open  circuit 
curve,  points  for  the  load  saturation  curve,  for  any  power  factor,  can ' 
be  obtained  by  means  of  vector  diagrams. 

To  apply  Method  b,  it  is  necessary  to  obtain  from  test,  the  open- 
circuit  saturation  curve  OA,  Pig.  1,  and  the  saturation  curve  B C at 
zero  power  factor  and  rated-load  current.  At  any  given  excitation 
Oc,  the  voltage  that  would  be  induced  on  open  circuit  is  (u,  the  ter- 
minal voltage  at  zero  power  factor  is  be,  and  the  apparent  internal 
drop  is  ab.  The  terminal  voltage  dc  at  any  other  power  factor  can 
then  be  found  by  drawing  an  e.m.f.  diagram*  as  in  Pig.  2,  where  0  is 


^Method  b,  for  deducing  the  load  saturation  curve,  at  any  assigned  power  factor, 
from  no-load  and  zero  power-factor  saturation  curves  obtained  by  test   must  be  re- 
garded as  empirical.     Its  value  depends  upon  the  fact  that  exi>erience  has  de] 
strated  the  reasonable  correctness  of  the  results  obtained  by  it.  Digitized  by 
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an  angle  such  that  cos  <f>  is  the  power  factor  of  the  load,  b  e  the  resist 
%nce  drop  (IR)  in  the  stator  winding,  ba  the  total  internal  drop,  and 
ac  the  total  induced  voltage;  ba  and  ac  being  laid  off  to  correspond 
with  the  values  obtained  from  Fig.  1.  The  terminal  voltage  at  power 
factor  cos  <f>,  is  then  cb  of  Pig.  2,  which,  laid  off  in  Pig.  1,  gives  point  d. 
By  finding  a  number  of  such  points,  the  curve  Bdd'  for  power  factor 
cos  <f>  is  obtained  and  the  regulation  at  this  power  factor  (expressed  in 


per  cent)  is 


lOOXa'd' 
d'c' 


,  since  a'  d'  is  the  rise  in  voltage  when  the  load 


at  power  factor  cos  4>  is  thrown  off  at  normal  voltage  c'  d'. 

Generally,  the  ohmic  drop  can  be  neglected,  as  it  has  very  little 
influence  on  the  regulation,  except  in  very  low-speed  machines 
where  the  armature  resistance  is  relatively  high,  or  in  some  cases 
where  regulation  at  unity  power  factor  is  being  estimated.  For  low 
power  factors,  its  effect  is  negligible  in  practically  all   cases.     If 


Pig.  2 


Fig.  3 


resistance  is  neglected,  the  simpler  e.m.f.  diagram,  Fig.  3,  may  be 
used  to  obtain  points  on  the  load  saturation  curve  for  the  power 
factor  under  consideration. 
686       Method  c. 

Where  it  is  not  possible  to  obtain  by  test  a  zero-power-factor  sat 
uration  curve  as  in  Method  b,  this  curve  can  be  estimated  closely  from 
open-circuit  and  short-circuit  curves,  by  reference  to  tests  at  lero 
power  factor  on  other  machines  of  similar  magnetic  circuit.  Having 
obtained  the  estimated  zero-power-factor  curve,  the  load  satura- 
tion for  any  other  power  factor  is  obtained  as  in  method  b. 

Thus  Method  c  is  the  same  as  Method  b;  except  that  the  zero-power- 
factor  curve  must  be  estimated.  This  may  be  done  as  follows.  In 
Fig.  4,  Oi4  is  the  open-circuit  saturation  curve  and  OE  the  short-cir- 
cuit line  as  shown  by  test.  The  zero-power-factor  curve  corresponding 
to  any  given  currentBF  will  start  from  point  B,  and  formachines  design- 
ed with  low  saturation  and  low  reactance,  will  follow  parallel  to  OA ,  as 
shown  by  the  dotted  curve  BD^  which  is  OA  shifted  horizontally  par- 
allel to  itself  by  the  distance  OB,  In  high-speed  machines,  or  in  others 
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having  low  reactance  and  a  low  degree  of  saturation  in  the  magnetic 
circuit,  the  zero-power-factor  curve  will  lie  quite  close  to  BD,  particu- 
larly in  those  parts  that  are  used  for  determining  the  regulation.  This 
is  the  case  with  many  turbo-generators  and  high-speed  water-wheel 
generators.  In  many  cases,  however,  the  zero-power-factor  curve 
will  deviate  from  BD,  as  shown  by  BC,  and  the  deviation  will  be 
most  pronounced  in  machines  of  high  reactance,  high  saturation, 
and  large  magnetic  leakage.  The  position  of  the  actual  curve  BC 
with  relation  to  BD,  can  be  approximated  with  sufficient  exactness 
by  investigating  the  corresponding  relation  as  obtained  by  test  at  zero 
power  factor  on  machines  of  similar  characteristics  and  magnetic 
circuit.  Or  curve  BC  can  be  calculated  by  methods  based  on  the 
results  of  tests  at  zero  power  factor.  After  BC  has  been  obtained, 
the  saturation  curve  and  regulation  for  any  other  power  factor  can 
be  derived  as  in  Method  (b). 


FIELD  EXCITATION 

Pig.  4 


687      Tests   and   Computation   of   Regulation  for    Constant-Potential 
Transformers. 

The  regulation  can  be  determined  by  loading  the  transformer 
and  measuring  the  change  in  voltage  with  change  in  load,  at  the  speci- 
fied power  factor.  This  method  is  not  generally  applicable  for  shop 
tests,  particularly  on  large  transformers. 

The  regulation  for  any  specified  load  and  power  factor  can  be 
computed  from  the  measured  impedance  watts  and  impedance  volts, 
as  follows: 
Let: 

P     «  impedance  watts,  as  measured  in  the  short-circuit  test  and 
corrected  to  76*C. 

Et     «  impedance  volts,  as  measured  in  the  short-circuit  test. 

IX    "  Reactance  Drop  in  Volts. 

/       «  Rated  Primary  Current. 

E      «  Rated  Primary  Voltage. 
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Or      «  percent  drop  in  phase  with  current. 

qn      «  percent  drop  in  quadrature  with  current. 


IX  -  \/e.«-  (f  )" 


688  Then— 

1.     For  unity  power  factor,  we  have  approximately:- 

Per  cent  regulation  —  gr  +  — rr- 

689  2.     For  inductive  loads  of  power-factor  m  and  reactive-factor  ii, 

T>  *         I  *•  .  .     (mgy-wgr)* 

Per  cent  regulation  =■  mqr  -f-  nqx  + rrr 

200 

TRANSFORMER  CONNECTIONS* 

(These  rules  do  not  apply  to  auto  transformers.) 

600  Diagrammatic  Sketch  of  Connections.  The  manufacturer  shall 
furnish  with  each  transformer  a  complete  diagrammatic  sketch  of 
the  internal  connections,  and  all  terminals  and  taps  of  the  trans- 
former shall  be  marked  to  correspond  with  letters  and  numbers  in  the 
sketch.  This  sketch  should  preferably  be  on  a  metal  plate  on  the 
transformer  case. 

SINGLE-PHASE  TRANSFORMERS 

601  Marking  of  Leads.  The  leads  of  single-phase  transformers  shall 
be  distinguished  from  each  other  by  marking  the  high-voltage  leads 
with  the  letters  A  and  B,  and  the  low-voltage  leads  with  the  letters 
X  and  Y. 

The  terminals  (by  terminals  is  meant  the  ends  of  the  windings) 
shall  be  so  marked  that  the  potential  difference  in  all  windings  at 
any  instant  shall  have  the  same  sign,  that  is,  the  potential  difference 
between  A  and  B  shall  have  the  same  sign  at  any  instant  as  the 
potential  difference  between  X  and  Y.** 

602  In  accordance  with  the  above  rule,  the  terminals  of  single-phase 
transformers  shall  be   marked  as  follows: 

(1)  High-  and  Low- Voltage  Windings  in  Phase: 


B 


UUUUUUJULfiJuJ 


pmnnnnrnnnn 

X  Y 


^Sections  601  to  611.  relative  to  a  specific  scheme  of  marking  the  leads,  are  tentative 
only,  subject  to  the  adoption  of  a  comprehensive  scheme  of  marking  the  terminals  of 
all  classes  of  apparatus. 

**To  test  the  correctness  of  single-phase  markings,  connect  A  to  X  and  apply  voltage 
to  the  high  voltage  winding  A-B.  Voltage  B-Y  must  be  numerically  less  than  voltage 
A-B. 
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608       (2)  High-  and  Low- Voltage  Windings  180  deg.  Apart  in  Phase: 

lUJUUUUUUUJUU 

frrrrrtrrtrrrri 

Y  X 

604       Single-Phase    Transformers    with    More    than    Two    Windings. 

Transformers  with  three  or  more  windings  (each  being  provided  with 
separate  outgoing  leads)  shall  have  the  leads  of  two  of  their  windings 
lettered  in  accordance  with  the  preceding  paragraph.  The  remaining 
leads  shall  be  designated  A  A  BB.  etc.  in  the  case  of  high- voltage 
leads  and  XX,  YY,  etc.  in  the  case  of  low- voltage  leads.  For  ex- 
ample, transformers  having  four  secondary  leads  from  two  distinct, 
similar  windings  shall  be  lettered  as  follows: 


luJLUJUUUUuJ 

nnjrsTnr 


nnnnr 


XX     Y       YY 

This  indicates  that  the  low-voltage  winding  consists  of  two  dis- 
connected parts,  one  part  having  terminals  X,  Y  and  the  other  part 
having  terminals  XX,  YY.  For  multiple  connection,  X  and  XX  are 
to  be  connected  and  Y  and  YY  are  to  be  connected.  For  series 
operation,  Y  is  to  be  connected  to  XX. 
606  Tap  Connections.  All  tap  connections  which  are  not  brought 
outside  the  transformer  case  shall  be  marked  serially  with  numerals 
only.  Where  tap  leads  are  brought  out  of  the  transformer  case  they 
shall  be  given  the  letter  designation  together  with  a  subscript  indicat- 
ing the  relative  position  of  the  tap,  as  in  the  following  diagram. 

A  B 

LuUUUUUJUUJU 

nfrrnrnTPm 

XX,  Y 

606  Neutral  Lead.  Where  a  neutral  lead  is  brought  outside  the 
transformer  case,  it  shall  be  lettered  N. 

607  Parallel  Operation.  Transformers  marked  as  above  may  be  opera- 
ted in  parallel,  by  connecting  similarly  marked  terminals  provided 
their  ratios,  voltages  resistances  and  reactances  are  such  as  to  permit 
parallel  operation. 

THREE-PHASE  TRANSFORMERS 

608  Marking  of  Leads.     Three-phase  transformers    ordinarily  have 

three  or  four  leads  for  high- voltage  and  three  or  four  leads  for  ^f^'^^1^ 
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voltage  windings.  To  distinguish  the  various  leads  from  each  other. 
and  also  to  distinguish  between  the  various  phase  rdations  obtainable, 
the  three  high -voltage  leads  should  be  lettered  A,  B  and  C  and  the 
three  low- voltage  leads  X,  Y  and  Z. 

For  transformers  having  six-phase  secondaries  the  primary  leads 
should  be  lettered  A,  B  and  C  as  above,  and  the  secondary  leads 
U,  V,  W,  X.  Y  and  Z. 

The  letters  shall  be  so  applied  to  the  transformer  terminals 
that  if  the  phase  sequence  of  voltage  on  the  high- voltage  side  is  in 
the  order  of  A  to  B  to  C,  it  is  in  the  order  of  X  to  Y  to  Z,  etc.,  on  the 
low-voltage  side.  This  arrangement  is  represented  by  the  diagrams 
below,  which  show  the  various  common  angular  displacements 
between  high-  and  low-voltage  windings  of  standard  transformers. 
In  addition  it  should  be  distinctly  stated,  preferably  on  the  rating 
plate,  in  which  of  the  groups  given  in  the  following  diagrams  the 
transformer    belongs. 


THREE  PHASE  TRANSFX)RMERS 

GROUP-l 
Angular 

0* 

A  A 

B                           Y 

GROUP-2 
AnflruJ«r 

WO* 

A  V 

B                Z                    X 

GROUP-3 
Angular 

80' 

B                              /Y 

SIX'^PHASE  TRANSFORMERS 


GROUP-4 

Angular 

Displaeement 

0' 


W 


GROUPS 

Angular 

Displacement 


Z  Y 
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609  The  rules  given  above  for  single- phase  transformers  in  regard  to 
the  neutral  tap  (see  §606),  and  also  in  regard  to  internal  connections 
(see  §§601  to  606),  are  applicable  to  three-phase  transformers  and 
six- phase  transformers. 

610  Angular  Displacement.  The  angular  displacement  between  high- 
and  low-voltage  windings,  is  the  angle  in  the  diagram  in  §608 
between .  the  lines  passing  from  the  neutral  point  through  A  and  X 
respectively  for  three-phase  transformers  and  through  A  and  U  for 
six-phase  transformers.  Thus,  in  Group  1,  the  angular  displace- 
ment is  zero  degrees;  in  Group  2,  the  angular  displacement  is  180** 
and    in    Group  3,  the  angular  displacement  is  30**. 

611  Parallel  Operation.  Three-phase  and  six-phase  transformers 
marked  as  above  may  be  operated  in  parallel,  by  connecting  simi- 
larly marked  terminals  together,  provided  their  ratios,  voltages,  re- 
sistances, reactances  and  angular  displacements  are  such  as  to  permit 
parallel  operation. 

INFORMATION  ON  THE  RATING  PLATE  OF  A  MACHINE 

620  It  is  recommended  that  the  rating  plate  of  machines  which 
comply  with  the  Institute  rules  shall  carry  a  distinctive  special 
sign,  such  as  "  A.I.E.E.  1916  Rating"  or  "A16"  Rating. 

621  The  absence  of  any  statement  to  the  contrary  on  the  rating  plate 
of  a  machine  implies  that  it  is  intended  for  continuous  service  and  for 
the  standard  altitude  and  ambient  temperature  of  reference.  See 
§§287,  806,  808  and  809. 

622  The  rating  plate  of  a  machine  intended  to  work  under  various 
kinds  of  rating  must  carry  the  necessary  information  in  regard  to 
those  kinds  of  ratings. 
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STANDARDS  FOR  WIRES  AND  CABLES 

TERMINOLOGY* 

636        Wire. — A  slender  rod  or  filament  of  drawn  metal. 

The  definition  restricts  the  term  to  what  would  ordinarily  be  under- 
stood by  the  term  **  solid  wire."  In  the  definition,  the  word  *'  slender** 
Is  need  in  the  sense  that  the  length  is  great  in  eomiMtfison  with  the 
diameter.  If  a  wire  is  covered  with  insulation,  it  is  properly  called  an  in- 
sulated wire;  while  primarily  the  term  **  wire  *'  refers  to  the  metal,  nvrer^ 
theless  when  the  context  shows  that  the  wire  is  Insulated,  the  term  "wire  " 
will  be  understood  to  include  the  Insulation. 

636  Conductor. — A  wire  or  combination  of  wires  not  insulated  from 
one  another,   suitable  for  carrying  a  single  electric  current. 

The  term  **  conductor  "  is  not  to  include  a  combination  of  conductors 
insulated  from  one  another,  which  would  be  suitable  for  carrying  several 
different  electric  currents. 

Rolled  conductors  (such  as  busbars)  are.  of  course,  conductors,  but  are 
not  considered  under  the  terminology  here  given. 

637  Stranded    Conductor. — A    conductor    composed   of    a  group    of 
wires,  or  of  any  combination  of  groups  of  wires. 

The  wires  in  a  stranded  conductor  are  usually  twisted  or  braided  to- 
gether. 

638  Cable. — (1)  A    stranded   conductor    (single-conductor  cable);  or 

(2)  a    combination    of    conductors    insulated  from    one 
another  (multiple-conductor  cable). 

The  component  conductors  of  the  second  kind  of  cable  may  be  either 
solid  or  stranded,  and  this  kind  of  cable  may  or  may  not  have  a  common 
insulating  covering.  The  first  kind  of  cable  is  a  single  conductor,  while  the 
second  kind  is  a  group  of  several  conductors.  The  term  '*  cable  "  is  appUed 
by  some  manufacturers  to  a  solid  wire  heavily  insulated  and  lead-covered; 
this  usage  arises  from  the  manner  of  the  insulation,  but  such  a  conductor 
is  not  Included  under  this  definition  of  *'  cable."  The  term  **  cable  "  Is 
a  general  one.  and.  in  practise,  it  is  usually  applied  only  to  the  larger  sises. 
A  small  cable  is  called  a  "  stranded  wire  "  or  a  "  cord,"  both  of  which  are 
defined  below.  Cables  may  be  bare  or  insulated,  and  the  latter  may  be  ar- 
mored with  lead,  or  with  steel  wires  or  bands. 

639  Strand. — One  of  the  wires,  or  groups  of  wires,  of  any  stranded 
conductor. 

640  Stranded  Wire. — A  group  of  small  wires,  used  as  a  single  wire. 

A  wire  has  been  defined  as  a  slender  rod  or  filament  of  drawn  metal. 
If  such  a  filament  is  subdivided  into  several  smaller  filaments  or  strands, 
and  Is  used  as  a  single  wire,  it  Is  called  a  "  stranded  wire."  There  is  no 
sharp  dividing  line  of  sise  between  a  "  stranded  wire  "  and  a  **  cable." 
If  need  as  a  wire,  for  example  in  winding  inductance  coils  or  magnets.  It  is 
called  a  stranded  wire  and  not  a  cable.  If  it  Is  subsUntially  insulated.  It 
is  called  a  **  cord/'  defined  below. 


*ProTn  Circular  No.  37  of  the  Bureau  of  Standards. 
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641  Cord. — A  small  cable,  very  flexible  and  substantially  insulated  to 
withstand  wear. 

There  U  no  eharp  dividing  line  in  respect  to  lise  between  a  '*  cord  " 
and  a  **  cable,"  and  likewiM  no  sharp  dividing  line  in  retpect  to  the  character 
of  insulation  between  a  **  cord  "  and  a  *'  stranded  wire.*'  Rubber  is 
used  as  the  insulating  material  for  many  classes  of  cords. 

642  Concentric  Strand. — A  strand  composed  of  a  central  core 
surrounded  by  one  or  more  layers  of  helically-laid  wires  or  groups  of 
wires. 

643  Concentric-Lay  Cable. — A  single-conductor  cable  composed  of  a 
central  core  surrounded  by  one  or  more  layers  of  helically-laid  wires. 

644  Rope-Lay  Cable. — A  single-conductor  cable  composed  of  a 
central  core  surrounded  by  one  or  more  layers  of  helically-laid 
groups  of  wires. 

This  kind  of  cable  differs  from  the  preceding  in  that  the  main  strands 
are  themselves  stranded. 

646  N-Conductor  Cable. — A  combination  of  N  conductors  insu- 
lated from  one  another. 

It  is  not  intended  that  the  name  as  here  given  be  actually  used.  One 
would  instead  speak  of  a  "  3-conductor  cable."  a  "  12-conductor  cable" 
etc.  In  referring  to  the  general  case,  one  may  speak  of  a  "  multiple-con- 
ductor cable  "  (as  in  definition  §M8  above.) 

646  N-Conductor  Concentric  Cable. — A  cable  composed  of  an 
insulated  central  conducting  core  with  (N  —  1)  tubular  stranded  con- 
ductors laid  over  it  concentrically  and  separated  by  layers  of  in- 
sulation. 

This  kind  of  cable  usually  has  only  two  or  three  conductors.  Such  cables  are  used 
in  carrying  alternating  currents.  The  remark  on  the  expression  "  N-conductor " 
given  for  the  preceding  definition  applies  here  also. 


647  Duplex  Cable. — Two  insulated  single-conductor  cables,  twisted 
together. 

They  may  or  may  not  have  a  common  insulating  covering. 

648  Twin  Cable. — Two  insulated  single-conductor  cables  laid  paral- 
lel, having  a  common  covering. 

649  Triplex  Cable. — Three  insulated  single-conductor  cables 
twisted  together. 

They  may  or  may  not  have  a  common  insulating  covering. 

660  Twisted  Pair. — Two  small  insulated  conductors,  twisted  to- 
gether, without  a  common  covering. 

The  two  conductors  of  a  "  twisted  pair  "  are  usually  substantially  in- 
sulated, so  that  the  combination  is  a  special  case  of  a  "  cord." 

661  Twin  Wire. — Two  small  insulated  conductors  laid  parallel, 
having  a  common  covering. 

SPECIFICATION  OF  SIZES  OF  CONDUCTORS 

662  The  sizes  of  solid  wires  shall  be  stated  by  their  diameter  in  mils,  the 
American  Wire  Gage  (Brown  and  Sharpe)  sizes  being  taken  as  stand- 
ard. The  sizes  of  stranded  conductors  shall  be  stated  by  their  cross- 
sectional  area  in  circular  mils.     For  brevity,  in  cases  where  the 
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careful  specification  is  not  required,  the  sizes  of  soUd  wires  may  be 
stated  by  the  gage  number  in  the  American  Wire  Gage,  and  the  sizes  of 
stranded  conductors  smaller  than  250,000  circular  mils  («.«.,  No.  0000 
A.W.G.  or  smaller)  may  likewise  be  stated  by  means  of  the  gage 
number  in  the  American  Wire  Gage  of  a  solid  wire  having  the 
same  cross-sectional  area.  Futhermore,  an  exception  is  made  in  the 
case  of  "  Flexible  Stranded  Conductors,"  for  which  see  (666  below. 
In  stating  large  cross-sections,  it  is  sometimes  convenient  to  use 
a  circular  inch  (507  sq.  mm.)  instead  of  1.000,000  circular  mils. 

STRANDING 

663       Cables  not  requiring  special  flexibility  shall  be  stranded  in  ac- 
cordance with  the  following  table. 

TABLE  Xn 
Standard  Stranding  of  Concentric  Lay-Cables 


Number  of  Wires  (See  note  2) 

• 

SIZE 

A 

B 

Bare,  insulated  or  weather- 

Insulated cables  for  other 

(See  note  1.) 

proof  cables  for  aerial  use. 

than  aenal  use. 

2.0  Cir.  Inches 

91 

127 

1.5 

61 

91 

1.0 

61 

61 

0.6 

37 

61 

0.6 

37 

37 

0.4 

19 

37 

0000  A.  W.  G. 

19  or  7  (See  note  3.) 

19 

00 

7 

19 

2 

7 

7 

7  and  smaller 

7 

1.  For  intermediate  sizes,  use  stranding  for  next  larger  size. 

2.  Conductors  of  (XXX)  A.  W.  G.  and  smaller  are  often  made  solid  and  this  tebls  of 

stranding  should  not  be  interpreted  as  excluding  this  practice. 

3.  Class  A  cable,  sizes  (XXX)  and  (XX)  A.  W.  G..  is  usually  made  of  7  strands  when  bare 

and  19  strands  when  insulated  or  weatherproof. 


664  Sectional  Area  of  Cables.  The  cross-sectional  area  of  a 
cable  shall  be  considered  to  be  the  sum  of  the  cross-sectional  areas  of 
its  component  wires,  when  measured  perpendicular  to  their  axes. 
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666  Flexible  Stranding.  -Conductors  of  special  flexibility  should 
ordinarily  be  made  with  wires  of  regular  A.W.G.  sizes,*  the  number  of 
wires  and  size  being  given.  The  approximate  gage  number  or  ap- 
proximate circular  mils  of  such  flexible  stranded  conductors  may  be 
stated.  The  stranding  of  standard  flexible  cables  is  given  in  Table 
XIII  and  a  tentative  stranding  for  apparatus  cable, in  Table  XIII- A. 

TABLE  XIII 
Proposed  Standard  Stranding  of  Flexible  Cables 


Nearest 

A.W.G. 

Circular 

Diara. 

No.  of 

Size  of 

Diam. 

Make-up 

size 

mils 

of 

wires 

each  wire 

Mils 

(see  Note  2) 

(ace  Note  1) 

(see  Note  3) 

cable. 
Mils 

A.W.G. 

2039000 

1836. 

703 

15.5 

53.9 

37  X19 

1816000 

1778. 

t* 

16.0 

50.8 

" 

1617000 

1680. 

" 

16.5 

48.0 

u 

1440000 

1586. 

" 

17.0 

45.3 

«( 

1282000 

1495. 

<i 

17.5 

42.7 

" 

1103000 

1372. 

427 

16.0 

50.8 

61  X  7 

874500 

1223. 

" 

17.0 

45.3 

u 

693400 

1088. 

u 

18.0 

40.3 

" 

550000 

969. 

" 

19.0 

35.9 

" 

436400 

864. 

" 

20.0 

32.0 

u 

345900 

770. 

" 

21.0 

28.5 

M 

274300 

686. 

M 

22.0 

25.4 

U 

264700 

672. 

259 

20.0 

32.0 

37  X  7 

0000 

209800 

599. 

" 

21.0 

28.5 

u 

000 

171300 

539. 

133 

19.0 

35.9 

19  X  7 

00 

135900 

480. 

« 

20.0 

32.0 

u 

0 

107700 

428. 

" 

21.0 

28.5 

" 

1 

82780 

332. 

91 

20.5 

30.2 

Concentric 

2 

65660 

296. 

u 

21.5 

26.9 

" 

3 

58460 

279. 

" 

22.0 

25.4 

M 

4 

39190 

229. 

61 

22.0 

25.4 

M 

6 

31080 

203. 

« 

23.0      . 

22.6 

" 

6 

24650 

181. 

u 

24.0 

20.1 

" 

8 

17400 

152. 

" 

25.5 

16.9 

M 

10 

10560 

118. 

37 

25.5 

16.9 

ti 

12 

6442 

94. 

" 

27.5 

13.4 

" 

14 

4177 

74. 

" 

29.5 

10.6 

" 

To  equal 

Smaller 



Required 
Sise 

30.0 

Bunched 

Note  1.  The  A.W.G.  sizes  except  for  61  strands  are  approximated  within  2  per 
cent.    In  the  case  of  61  strand  cables  the  approximation  is  6  per  cent. 

Note  2.     "61  X  7"  signifies  a  rope-lay  cable  composed  of  61  strands  of  7  wires  each. 

Note  3.  Circular  mils  are  based  on  theoretical  diameters  of  A.W.G.  sizes  which 
vary  above  or  below  values  given  in  table  by  less  than  0.1  mil. 

*Where  necessary  to  closely  approximate  a  regular  size  cable,  the  strands  may  be 
made  of  half-size  wires  from  No.  15  to  No.  30  A.  W.  G. 
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TABLE  Xm-A 
Proposed  Standard  Stranding  of  Apparatus  Cables 

(This  table  is  offered  for  consideration  but  will  not  be  recommended  for  final 
adoption  until  ratified  by  other  societies  interested.) 


Nearest 

A.W.G. 

Circular 

Diameter 

No.  of 

Size  of 

Diam. 

Make-up 

size 

mils 

of  cable 

wires 

each  wire 

Mils 

(see  Note  1) 

(sec  Note  3) 

Mils 

A.W.G 

2053000 

1903. 

2257 

20.5 

30.2 

61  X37 

1829000 

1796. 

" 

21.0 

28.5 

" 

1629000 

1695. 

M 

21.5 

26.9 

« 

1450000 

1600. 

M 

22.0 

25.4 

M 

1291000 

1506. 

" 

22.5 

23.9 

« 

1160000 

1424. 

** 

23.0 

22  6 

M 

1054000 

1359. 

1159 

20.5 

30.2 

61  X  19 

938900 

1283. 

M 

21.0 

28.6 

" 

836200 

1211. 

" 

21.5 

26.9 

« 

744500 

1143. 

«« 

22.0 

25.4 

M 

663000 

1076. 

U 

22.5 

23.9 

** 

690500 

1017. 

" 

23.0 

22.6 

U 

,^ 

525800 

958. 

" 

23.5 

21.3 

M 

451600 

889. 

703 

22.0 

25.4 

37  X19 

402200 

836. 

M 

22.5 

23.9 

*• 

358200 

791. 

" 

23.0 

22.6 

u 

319000 

745. 

** 

23.5 

21.3 

M 

284000 

703. 

U 

24.0 

20.1 

M 

253000 

665. 

u 

24.5 

19.0 

" 

0000 

217600 

610. 

427 

23.0 

22.6 

61  X  7 

000 

172500 

543. 

" 

24.0 

20.1 

M 

00 

136800 

483. 

" 

25.0 

17.9 

•* 

0 

104600 

422. 

259 

24.0 

20.1 

37  X  7 

1 

82980 

376. 

M 

25.0 

17.9 

M 

2 

65810 

334. 

« 

26.0 

15.9 

M 

3 

52190 

298. 

" 

27.0 

14.2 

M 

4 

42610 

268. 

133 

25.0 

17.9 

19  X  7 

5 

33800 

238. 

u 

26.0 

16.9 

•« 

6 

26800 

213. 

l< 

27.0 

14.2 

M 

see  Note  2. 

Note  1.     The  A.W.G.  sizes  are  approximated  within  3  per  cent. 
Note  2.     For  sizes  smaller  than  No.  6  see  table  XIII. 

Note  3.     Circular  mils  are  based  on  theoretical  diameters  of  A.W.G.  sizes,  which 
vary  above  or  below  values  given  in  table  by  less  than  0.1  mil. 


666  Correction  for  Lay.  The  resistance  and  mass  of  a  stranded 
conductor  are  greater  than  in  a  solid  conductor  of  the  same  cross- 
sectional  area,  depending  on  the  lay  («.«.,  the  pitch  of  the  twist  of  the 
wires).  Two  per  cent  shall  be  taken  as  the  standard  increment  of 
resistance  and  of  mass.  In  cases  where  the  lay  is  definitely  known, 
the  increment  should  be  calculated  and  not  assumed. 

The  direction  of  lay  is  the  lateral  direction  in  which  the  strands 
of  a  cable  run  over  the  top  of  the  cable  as  they  recede  from  an  ob- 
server looking  along  the  axis  of  the  cable. 

667  The  lay  of  any  layer  of  wires  of  a  cable  or  strand  shall  not  exceed 
15  times  the  pitch  diameter  of  that  layer.    The  lay  of  any  layer  of 
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strands  of  rope-lay  cables  shall  not  exceed  12  times  the  pitch  diameter 
of  the  layer. 

CONDUCTIVITY  OF  COPPER. 

675  The  following  I.  E.  C.  rules  are  adopted:* 

The  following  shall  be  taken  as  normal  values  for  standard  an- 
nealed copper: 

(1)  At  a  temperature  of  20*C.,  the  resistance  of  a  wire  of 
standard  annealed  copper  one  meter  in  length  and  of  a  uniform 
section  of  1  square  millimeter  is  t/6S  ohm  =  0.017241. .  .  .ohm. 

(2)  At  a  temperature  of  20*C.,  the  density  of  standard  annealed 
copper  is  8.89  grams  per  cubic  centimeter. 

(3)  At  a  temperature  of  20*C  ,  the  "  constant  mass "  tem- 
perature coefficient  of  resistance  of  standard  annealed  copper, 
measured  between  two  potential  points  rigidly  fixed  to  the  wire,  is 
0.00393  =  1/254.45 per  degree  centigrade. 

(4)  As  a  consequence,  it  follows  from  (1)  and  (2)  that,  at  a  tem- 
perature of  20  'C.  the  resistance  of  a  wire  of  standard  annealed 
copper  of  uniform  section,  one  meter  in  length  and  weighing  one 
gram,  is  (1/58)   X  8.89  =  0.15328 ohm.t§ 

676  Copper  Wire  Tables.  The  copper-wire  Tables  published  by  the 
Bureau  of  Standards  in  Circular  No.  31  are  adopted.  These  Tables 
are  based  upon  the  I.  E.  C.  rules  stated  in  §676. 

HSATING  AND  TEMPERATURE    OF    CABLES. 

677  Maximum  Safe  Limiting  Temperatures. 

The  maximum  safe  limiting   temperature  in  degrees  C.  at  the 
surface  of  the  conductor  in  a  cable  shall  be: — 
For  impregnated  paper  insulation     (85 — E) 
'*  varnished  cambric  (75 — E) 

*'  rubber  insulation  (60 — 0.25E) 

where    E  represents  the  r.m.s.  operating  e.m.f.  in    kilovolts    be- 
tween   conductors. 

Thus,  at  a  working  pressure  of  3.3  kv.,  the  maximum  safe  limit- 
ing temperature  at  the  surface  of  the  conductor,  or  conductors,  in 
a  cable  would  be: — 

For  impregnated  paper  81.7  ®C. 
*'  varnished  cambric  71.7®C. 
"  rubber  insulation  59.2*'C. 

ELECTRICAL  TESTS. 

678  Lengths  Tested.  Electrical  tests  of  insulation  on  wires  and 
cables  shall  be  made  on  the  entire  lengths  to  be  shipped. 

*See  I.  B.  C.  Publication  No.  28  "International  Standard  of  Resistance  for  Cop- 
per" March  1914. 

tParagraphs  (1)  and  (4)  of  §  675  define  what  are  sometimes  called  "volume  re« 
sistivity."  and  "Mass  resistivity"  respectively.  This  may  be  expressed  in  other 
units  as  follows: — volume  resistivity «  1.7241  microhms-cm.  (or  microhms  in  a 
cm.  cube)  at  20*C.  -  0.67879  microhm-inch  at  20*C.,  and  mass  resistivity  -  875.20 
ohms  (mile,  pound)  at  20*C. 

§Por  detailed  specifications  of  commercial  copper,  see  th«  "Standard  Soeoifica-       t 
tions"  of  the  American  Society  for  Testing  Materials.  Digitized  by  VjOOQ IC 
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679  Immersion  in  Water.  Electrical  tests  of  insulated  conductors  not 
enclosed  in  a  lead  sheath,  shall  be  made  while  immersed  in  water  after 
an  immersion  of  twelve  (12)  consecutive  hours,  if  insulated  with  rub- 
ber compound,  or  if  insulated  with  varnished  cambric.  It  is  not 
necessary  to  immerse  in  water  insulated  conductors  enclosed  in  a  lead 
sheath. 

In  multiple-conductor  cables,  without  waterproof  overall  jacket 
of  insulation,  no  immersion  test  should  be  made  on  finished  cables, 
but  only  on  the  individual  conductors  before  assembling. 

680  Dielectric-Strength  Tests.  Object  of  Tests.  Dielectric  tests 
are  intended  to  detect  weak  spots  in  the  instilation  and  to  deter- 
mine whether  the  dielectric  strength  of  the  insulation  is  sufficient  for 
enabling  it  to  withstand  the  voltage  to  which  it  is  likely  to  be  sub- 
jected in  service,  with  a  suitable  factor  of  assurance. 

The  initially-applied  voltage  must  not  be  greater  than  the  work- 
ing voltage,  and  the  rate  of  increase  shall  not  be  over  100  per  cent 
in  10  seconds. 

661  Factor  of  Assurance.  The  factor  of  assurance  of  wire  or  cable 
insulation  shall  be  the  ratio  of  the  voltage  at  which  it  is  tested  to  that 
at  which  it  is  used. 

662  Test  Voltsfe.  The  dielectric  strength  of  wire  and  cable  insula- 
tion shall  be  tested  at  the  factory,  by  applying  an  alternating  test 
voltafe  between  the  conductor  and  sheath  or  water. 

663  The  Magnitude  and  Duration  of  the  Test  Voltage  should  depend 
upon  the  dielectric  strength  and  thickness  of  the  insulation,  the 
length  and  diameter  of  the  wire  or  cable,  and  the  assurance  factor 
required,  the  latter  in  turn  depending  upon  the  importance  of  the 
service  in  which  the  wire  or  cable  is  employed. 

664  The  following  test  voltages  shall  apply  unless  a  departure  is  con- 
sidered necessary,  in  view  of  the  above  circumstances.  Rubber 
covered  wires  or  cable  for  voltages  up  to  7  kv.  shall  be  tested  in 
accordance  with  the  National  Electric  Code.  Standardization  for 
higher  voltages  for  rubber  insulated  cables  is  not  considered  possible 
at  the  present  time. 

Varnished  cambric  and  impregnated  paper  insulated  wires  or  cables 
shall  be  tested  at  the  place  of  manufacture  for  five  (6)  minutes  in 
accordance  with  the  Table  XIV  below. 


TABLE  XIV 
Recommended  Test  Kilovolts  Corresponding  to  Operating  Kilovolts 


Operating  kv. 

Test  kv. 

Operating  kv. 

Test  kv. 

Below   0.6 
0.6 

1 
2 
3 

4 

2.5» 
3 
4 

6.5 
9 
11.5 

5 
10 
15 
20 
25 

14 
25 
35 
44 
63 

*The  minimum  thickness  of  insulation  shallbe  ^  in.  (Kd>mm.)    j 
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Different  engineers  specify  different  thickness  of  insulation  for 
the  same  working  voltages.  Therefore,  at  the  present  time  the  test 
kv.  corresponding  to  working  kv.  given  in  Table  XIV  are  based 
on  the  minimnm  thickness  of  insulation  specified  by  engineers 
and  operating  companies.! 
686  The  Frequency  of  the  Test  Voltage  shall  not  exceed  100  cycles  per 
second,  and  should  approximate  as  closely  as  possible  to  a  sine  wave. 
The  source  of  energy  should  be  of  ample  capacity. 

686  Where  Ultimate  Break-Down  Tests  are  required,  these  shall  be 
made  on  samples  not  more  than  6  meters  (20  ft.)  long.  The  maximum 
allowable  temperature  at  which  the  test  is  made  for  the  particular 
type  of  insulation  and  the  particular  working  pressure,  shall  not  be 
greater  than  the  temperature  limits  given  in  §  677. 

687  Multiple-Conductor  Cables.  Each  conductor  of  a  multiple- con- 
ductor cable  shall  be  tested  against  the  other  conductors  con- 
nected together  with  the  sheath  or  water. 

INSULATION  RESISTANCB 

688  Definition.  The  insulation  resistance  of  an  instilated  conductor 
is  the  electrical  resistance  offered  by  its  insulation,  to  an  impressed 
voltage  tending  to  produce  a  leakage  of  current  through  the  same. 

689  Insulation  Resistance  shall  be  expressed  in  megohms  for  a  speci- 
fied length  (as  for  a  kilometer,  or  a  mile,  or  one  thousand  feet),  and 
shall  be  corrected  to  a  temperature  of  15.5*  C.  using  a  tempera- 
ture coefficient  determined  experimentally  for  the  insulation  under 
consideration. 

690  Linear  Insulation  Resistance,  or  the  insulation  resistance  of  Unit 
Length,  shall  be  expressed  in  terms  of  the  megohm -kilometer,  or 
the  megohm-mile,  or  the  megohm -thousand-feet. 

691  Megohms  Constant.  The  Megohms  Constant  of  an  insulated 
conductor  shall  be  the  factor  "  K**  in  the  equation 

•  D 

R  '^  K  logic  —^ 

where  R   -  The  insulation  resistance,  in  megohms,  for  a  specified 
unit  length. 

D  -  Outside  diameter  of  insulation. 

d  «  Diameter  of  conductor. 
Unless  otherwise  stated,  K  will  be  assumed  to  correspond  to  the  mile 
unit  of  length. 

692  Test.  The  apparent  insulation  resistance  should  be  measured 
after  the  dielectric-strength  test,  measuring  the  leakage  current 
after  a  one-minute  electrification,  with  a  continuous  e.m.f.  of  from 
100  to  500  volts,  the  conductor  being  maintained  negative  to  the 
sheath  or  water.- 

tThe  Standards  Committee  does  not  commit  itself  to  the  principle  of  basing 
test  voltages  on  working  voltages,  but  it  is  not  yet  'm  possession  of  sufficient  data 
to  base  them  upon  the  dimensions  and  physical  properties  of  the  insulation. 
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693  Moltiiftle-CondttCtor  Cables.  The  insulation  resistance  of  each 
conductor  of  a  multiple-conductor  cable  shall  be  the  insulation  re- 
sistance measured  from  such  conductor  to  all  the  other  conductors  in 
multiple  with  the  sheath  or  water. 

CAPACITAlf CB  OR  ELECTROSTATIC  CAPACITY 

694  Capacitance  is  ordinarily  expressed  in  microfarads.  Linear  Ca- 
pacitance, or  Capacitance  per  unit  length,  shall  be  expressed  in 
Microfarads  per  unit  length  (kilometer,  or  mile,  or  one  thousand  feet) 
and  shall  be  corrected  to  a  temperature  of  15.5*  C. 

696  Microfarads  Constant.  The  Microfarads  Constant  of  an  insu- 
lated conductor  shall  be  the  factor  "  IC  "  in  the  equation 

Logtt- 


d 

where  C  ».the  capacitance  in  microfarads  per  unit  length. 

D  B  the  outside  diameter  of  insulation. 

d  s  the  diameter  of  conductor. 

Unless  otherwise  stated,  K  will  be  assumed  to  refer  to  the  mile 
unit  of  length. 

696  Measurement  of  Capacitance.  The  Capacitance  of  low-voltage 
cable,  shall  be  measured  by  comparison  with  a  standard 
condenser.  For  long  lengths  of  high-voltage  cables,  where  it  is 
necessary  to  know  the  true  capacitance,  the  measurement  should  be 
made  at  a   frequency  approximating  the  frequency  of  operation. 

697  Paired  Cables.  The  capacitance  shall  be  measured  between  the 
two  conductors  of  any  pair,  the  other  wires  being  connected  to  the 
sheath  or  ground. 

698  Electric  Light  and  Power  Cables.  The  capacitance  of  low- 
voltage  cables  is  generally  of  but  little  importance.  The  capacitance 
of  high-voltage  cables  should  be  measured  between  the  conduc- 
tors, and  also  between  each  conductor  and  the  othe/  conductors 
connected  to  the  lead  sheath  or  ground. 

699  Multiple-Conductor  Cables  (not  paired).  The  capacitance  of 
each  conductor  of  a  multiple-conductor  cable  shall  be  the  capacitance 
measured  from  such  conductor  to  all  of  the  other  conductors  in  mul- 
tiple with  the  sheath  or  the  ground. 


Digitized  by 


Google 


STANDARDIZATION  RULES  OF  THE  A,  L  E.  E,        1623 


STANDARDS  FOR  SWITCHES  AND  OTHER  dRCUIT- 
CONTROL  APPARATUS* 

SWITCHES 
7S0       The  following  Rules  apply  to  Switches  of  above  600  volts.     (For 
600   volts   and  below,  see  National  Electric  Code.f) 

721  Definition.  A  switch  is  a  device  for  making,  breaking,  or 
changing   connections  in  an  electric  circuit. 

722  Rating. 

(a)  By  amperes  to  be  carried  with   not   more   than  30  *C.   rise 
on  contacts  and  current-carrying  parts. 

(b)  By  normal  voltage  of  circuit  on  which  it  may  be  used. 

725  Performance  and  Tests. 

(a)  Heating  Test  with  rated  current  applied  continuously  untiJ 
temperature  is  constant;  ambient  temperature  40  *C. 

(b)  Dielectric  Test  at  2\  times  rated  voltage   plus  2000.     See 

t609. 

CIRCUIT  BREAKERS 
724       Definition.     A  device  designed  to  open  a  current- carrying  circuit 
without  injury  to  itself.     A  circuit  breaker t  may  be: 

(a)  An  automatic  circuit-breaker,  which  is  designed  to  trip 
automatically  under  any  predetermined  condition  of  the  circuit, 
such  as  an  underload  or  overload  of  current  or  voltage. 

(b)  A  manually  tripped  circuit-breaker,  which  is  designed  to  be 
tripped  by  hand. 

Both  types  of  operation  may  be  combined  in  one  and  the  same 
device. 

726  Rating. 

(a)  By  normal  current-carrying  capacity. 

(b)  By  normal  voltage. 

(c)  By  amperes  which  it  can  interrupt  at  normal  voltage  of  the 
circuit. 

726  Performance  and  Tests.  The  heating  test  shall  be  made  with 
normal  current.  In  oil  circuit  breakers  the  same  oil  must  be  used 
for  heating  tests  as  for  rupturing  tests.  The  rise  of  temperature  at 
the  contacts  shall  not  exceed  30  *C.  The  Rise  on  tripping  solenoids 
and  accessory  parts  not  to  exceed  50  *C.  Ambient  temperature  of 
reference,  40  'C. 

*These  rules  do  not  apply  to  magnetically-operated  or  air-operated  switches  used 
for  motor  control. 

fBy  the  term  "Code"  is  meant  "National  Electrical  Code"  as  recommended  by 
the  National  Pire  Protection  Association. 

(These  rules  refer  only  to  circuit  breakers  of  above  550  volts.  Por  550  volts  and 
below,  see  the  National  Electric  Code. 
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727  Dielectric  Test     Same  as  |728. 

728  Roptttring  Test  must  be  made  with  the  current  specified    under 
|726  (c),  and  at  normal  voltage. 

NoTB.  Although  circuit  breakers  should  be  considered  as  de- 
vices alone,  no  account  being  taken,  in  the  rating,  of  the  system  on 
which  they  are  to  be  used:  yet  in  applying  circuit  breakers  to  any 
given  service,  it  may  be  necessary  to  take  into  account  the  system 
on  which  they  are  to  be  used,  with  all  its  characteristics. 

Allowances  must  be  made  for  the  reactance,  resistance,  etc.,  of 
the  circuit  to  be  controlled,  as  these  have  a  direct  bearing  on  the 
maximum  current  flow. 

In  some  systems  it  has  been  found  that  the  pressure  rises  so  high 
during  switching,  that  higher  insulation  tests  than  that  specified 
in  (728   should   be  given. 

FUSES 

(For  circuits  up  to  and  including  600  volts,  see  National  Electric 
Code) 

729  Definition.  A  fuse  is  an  element  designed  to  melt  or  dissipate  at 
a  predetermined  current  value,  and  intended  to  protect  against  ab- 
normal conditions  of  current. 

NoTB.  (The  terminals,  tubes,  etc.  which  go  with  the  fuse  proper 
are  included  in  the  definition). 

780  Rating.  Puses  shall  be  rated  at  the  maximum  current  which 
they  are  required  to  carry  continuously,  and  at  the  normal 
voltage  of  the  circuit  on  which  they  are  designed  to  be  used. 

Puses  may  be  divided  into  two  classes: 

(1)  Those  designed  to  protect  the  circuit  and  apparatus  both  against 
short  circuit  and  against  definite  amounts  of  overload  {e.g.  fuses  of  the 
National  Electric  Code  which  open  on  25  per  cent  overload). 

(2)  Those  designed  to  protect  the  system  only  against  short 
circuits;  {e.g.  expulsion  fuses,  which  blow  at  several  times  the  cur- 
rent which  they  are  designed  to  carry  continuously).  The  line 
separating  these  two  classes  is  not  definitely  fixed. 

781  Temperature.  Coils  or  windings  (such  as  accompany  fuses 
of  the  magnetic  blow-out  type)  should  not  exceed  the  limits  set  for 
machine  coils  having  the  same  character  of  insulation.  (%See  |iS76 
to  879).  The  highest  temperature  for  the  fuse  proper  should 
not  exceed  the  safe  limit  for  the  material  employed  {e.g.  the  temper- 
ature of  the  fibre  tube  of  an  enclosed  fuse  should  not  exceed  the 
safe  limit  for  this  material,  but  an  open-link  metal  fuse  may  be  run 
at  any  temperature  which  will  not  injure  the  fuse  material;  except 
that  no  application  of  the  above  rule  shall  contravene  the  Nation- 
al Electric  Code). 

782  Test  Por  fuses  intended  for  use  on  circuits  of  small  capacity, 
or  in  protected  positions  on  systems  of  large  capacity,  see  Nation- 

NoTB.  Complete  standardization  of  these  fuses  above  600  volts,  according  to  the 
method  of  the  National  Electric  Code,  is  not  advisable  at  this  time,  bttt  is  expected 
to  be  accomplished  by  an  eventual  extension  of  the  National  Electric  Code.  UntS 
such  extension  is  made,  the  following  definitions  and  ratings  may  be  followed. 
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al  Electric  Code.  For  large  power  fuses  intended  for  service  similar 
to  that  required  of  circuit  breakers,  see  (724  to  728,  or  the  Nation- 
al Electric  Code,  as  far  as  the  latter  applies. 

LIGHTNING    ARRESTERS 
788      Definition.     A  lightning  arrester  is  a  device  for  protecting  circuits 
and  apj^aratus  against  lightning  or  other  abnormal  potential  rises  of 
short  duration. 
784      Rating.     Arresters  shall  be  rated  by  the  voltage  of  the  circuit  on 
which  they  are  to  be  used. 

Lightning  arresters  may  be  divided  into  two  classes: 

(a)  Those  intended  to  discharge  for  a  very  short  time. 

(b)  Those  intended  to  discharge  for  a  period  of  several  minutes. 
786     Performance  and  Tests.     Dielectric  Test  same  as  {728. 

The  resistance  of  the  arrester  at  double  potential  and  also  at 
normal  potential,  shall  be  determined  by  observing  the  discharge 
currents  through  the  arrester. 

(c)  In  the  case  of  any  arrester  using  a  gap,  a  test  shall  be  made 
of  the  spark  potential  on  either  direct-current  or  60-cycle  a-c.  ex- 
citation. 

(d)  The  equivalent  sphere  gap  under  disruptive  discharge  shall 
also  be  measured,  using  a  considerable  quantity  of  electricity. 

(e)  The  endurance  of  the  arrester  to  continuous  surges  shall 
be  tested. 

PROTECTIVE  REACTORS 

786  Definition.  A  reactor  (See  {82  and  214)  is  a  device  for  protecting 
circuits  by  limiting  the  current  flow  and  localizing  the  disturbance 
under  short-circuit  conditions. 

787  Rating. 

(a)  In  kilovolt-amperes  absorbed  by  normal  current. 

(b)  By  the  normal  current,  frequency  and  line  (delta)  voltage 
for^  which  the  reactor  is  designed. 

(c)  By  the  current  which  the  device  is  required  to  stand  under 
short-circuit  conditions. 

788  Performance  and  Tests. 

The  Heat  Test  shall  be  made  with  normal  current  and 
frequency  applied  until  the  temperature  is  constant.  The  tem- 
perature should  not  exceed  the  safe  limits  for  the  materials  em- 
ployed.    See  11876  to  879. 

789  Dielectric  Test.  2)  times  line  voltage  plus  2000,  for  one  minute, 
from  conductor  to  ground. 

NoTB.  The  reactor  shall  be  so  designed  as  to  be  capable  of 
withstanding,  without  mechanical  injury,  rated  current  at  normal 
frequency,  suddenly  applied. 

RESISTOR  OR  RHEOSTAT 

740  Definition.  Any  device  heretofore  commonly  known  as  a  resistance, 
used  for  operation  or  control.     (|81)  See  National  Electric  Code^ 
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INSTRUMENT    TRANSFORMERS 
741       Definition.     An  instrument  transformer  is  a  transformer  for  us« 
with  measuring  instruments,  in  which  the  conditions  in  the  primary 
circuit  as  to  current  and  voltage  are   represented   wTth  high  nu- 
merical accuracy  in  the  secondary  circuit. 

Under  this  heading  and  for  more  general  use: 

(a)  A  current  transformer  is  a  transformer  designed  for  series 
connection  in  its  primary  circuit  with  the  ratio  of  transformation 
appearing  as  a  ratio  of  currents. 

(b)  A  potential  (voltage)  transformer  is  a  transformer  designed 
for  shunt  or  parallel  connection  in  its  primary  circuit,  with  the  ratio  of 
transformation  appearing  as  a  ratio  of  potential  differences  (voltages) 

For  further  definitions  relative  to  instrument  transformers,  see 
206-207. 

For  the  dielectric  test  of  potential  transformers,  see  |600,  and 
for  the  dielectric  test  of  current  transformers,  see  |609. 

Further  standards  concerning  instrument  transformers  are  still 
under  discussion. 
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STANDARDS  FOR  ELECTRIC  RAILWAYS 
DEFINITIONS 

760  Transmission  System:  When  the  current  generated  for  an 
electric  railway  is  chaifged  in  kind  or  voltage,  between  the  gen- 
erator and  the  cars  or  locomotives,  that  portion  of  the  conductor 
system  carrying  current  of  a  kind  or  voltage  substantially  different 
from  that  received  by  the  cars  or  locomotives,  constitutes  the  iranS' 
mission  system.* 

761  Distribution  System:  That  portion  of  the  conductor  system 
of  an  electric  railway  which  carries  current  of  the  kind  and 
voltage  received  by  the  cars  or  locomotives,  constitutes  the  di%tri' 
buiion  system* 

762  Substation:  A  substation  is  a  group  of  apparatus  or  ma- 
chinery which  receives  current  from  a  transmission  system,  changes 
its  kind  or  voltage,  and  delivers  it  to  a  distribution  system. 

RATING  OF  RAILWAY  SUBSTATION  MACHINERY 

763  Continuous  Rating.  The  rating  of  a  substation  machine  shall 
be  the  kv-a.  output  at  a  stated  power  factor  input,  which  it  will 
deliver  continuously  with  temperatures  or  temperature  rises  not 
exceeding  the  limiting  values  given  in  Sections  876  and  379  and  also 
fulfilling  the  other  requirements  set  forth  in  these  rules  and  sum- 
marized in  Section  260. 

764  Momentary  Loads.  These  machines  should  be  capable  of  carrying 
a  load  of  twice  their  rating  for  one  minute,  after  a  continuous  run  at 
rated  load,  without  disqualifying  them  for  continuous  service. 

766  Nominal  Rating.  Where  the  continuous  rating  is  inconvenient, 
the  following  nominal  rating  may  be  used.  The  nominal  rating  of  a 
substation  machine  shall  be  the  kv-a.  output  at  a  stated  power  factor 
input,  which,  having  produced  a  constant  temperature  in  the  machine 
may  be  increased  50  per  cent  for  two  hours,  without  producing 
temperatures  or  temperature  rises  exceeding  by  more  than  6^C.  the 
limiting  values  given  in  (876  and  879.  These  machines  should  be 
capable  of  carrying  a  load  of  twice  their  nominal  rating  for  a  period 
of  one  minute,  without  disqualifying  them  for  continuous  service. 
The  name  plate  should  be  marked  "  nominal  rating." 

CONDUCTOR  AND   RAIL  SYSTEMS. 
766       Contact  Conductors.     That  part  of  the  distribution  system  other 
than  the  traffic  rails,  which  is  in  immediate  electrical  contact  with 

^Theae  aefinitions  are  identical  in  sense,  although  not  in  words,  with  those 
of  the  Interstate  Commerce  Commission,  as  given  in  their  Classification  of  Accounts 
for  Electric  Railways. 
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the  circuits   of  the   cars  or   locomotives,   constitutes   the   contact 
conductors. 

767  Contact  Rail:     A  rigid  contact  conductor. 

768  Overhead  Contact  Rail:  A  contact  rail  above  the  elevation 
of  the  maximum  equipment  line.f 

769  Third  Rail:  A  contact  conductor  placed  at  either  side  of  the 
track,  the  contact  surface  of  which  is  a  few  inches  above  the  level 
of  the  top  of  the  track  rails. 

770  Center  Contact  Rail:  A  contact*conductor  placed  between  the 
track  rails,  having  its  contact  surface  above  the  ground  level. 

771  Underground  Contact  Rail:  A  contact  conductor  placed 
beneath  the  ground  level. 

772  Gage  of  Third  Rail:  The  distance,  measured  parallel  to  the 
plane  of  running  rails,  between  the  gage  line  of  the  nearer  track  rail 
and  the  inside  gage  line  of  the  contact  surface  of  the  third  rail. 

778      Elevation  of  Third  Rail:    The  elevation  of  the  contact-surface 

of  the  third  rail,  with  respect  to  the  plane  of  the  tops  of  running 

rails. 
774       Standard  Gage  of  Third  Rails:     The  gage  of  third  rails  shall 

be  not  less  than  26  inches  (66  cm.)  and  not  more  than  27  inches  (68.6 

cm.). 
776       Standard  Elevation  of  Third  Rails:     The  elevation  of  third 

rails  shall  be  not  less  than  2}  inches  (70  mm.),   and  not  more  than 

3i  inches  (89  mm.). 

776  Third  Rail  Protection:  A  guard  for  the  purpose  of  preventing 
accidental  contact  with  the  third  rail. 

777  Trolley  Wire:  A  flexible  contact  conductor,  customarily  sup- 
ported above  the  cars. 

778  Messenger  Wire  or  Cable:  A  wire  or  cable  running  along  with 
and  supporting  other  wires,  cables  or  contact  conductors. 

A  primary  messenger  is  directly  attached  to  the  supporting  system. 
A  secondary  messenger  is  intermediate  between  a  primary  messenger 
and  the  wires,  cables  or  contact  conductors. 

779  Classes  of  Construction:  Overhead  trolley  construction  will  be 
classed  as  Direct  Suspension  and  Messenger  or  Catenary  Suspension 

780  Direct  Suspension:  All  forms  of  overhead  trolley  construction 
in  which  the  trolley  wires  are  attached,  by  insulating  devices,  directly 
to  the  main  supporting  system. 

781  Messenger  or  Catenary  Suspension:  All  forms  of  overhead 
trolley  construction  in  which  the  trolley  wires  are  attached,  by  suit- 
able devices,  to  one  or  more  messenger  cables,  which  in  turn  may  be 
carried  either  in  Simple  Catenary,  i.e.,  by  primary  messengers,  or  in 
Compound  Catenary,  i.e.,  by  secondary  messengers. 

782  Supporting  Systems  shall  be  classed  as  follows: 

788  Simple  Cross- Span  Systems:  Those  systems  having  at  each  sup- 
port a  single  flexible  span  across  the  track  or  tracks. 

tThe  contour  which  embraces  croM-sectione  of  all  rolling  etock  tu^der  all 
operating  conditions. 
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784  Mbssengbr  Cross- Span  Systems:  Those  systems  having  at  each 
support  two  or  more  flexible  spans  across  the  track  or  tracks,  the  upper 
span  carr3ring  part  or  all  of  the  vertical  load  of  the  lower  span. 

785  Bracket  Systems:  Those  systems  having  at  each  support  an 
arm  or  similar  rigid  member,  supported  at  only  one  side  of  the  track 
or  tracks. 

786  Bridge  Systems:  Those  systems  having  at  each  support  a  rigid 
member,  supported  at  both  sides  of  the  track  or  tracks. 

787  Standard  Height  of  Trolley  Wire  on  Street  and  Interurban 
Railways:  It  is  recommended  that  supporting  structtu'es  shall  be 
of  such  height  that  the  lowest  point  of  the  trolley  wire  shall  be  at  a 
height  of  18  feet  (5.5m.)  above  the  top  of  rail  under  conditions  of 
maximum  sag,  unless  local  conditions  prevent.  On  trackage  opera- 
ting electric  and  steam  road  equipment  and  at  crossings  over  steam 
roads,  it  is  recommended  that  the  trolley  wire  shall  be  not  less 
than  21  feet  (6.4m.)  above  the  top  of  rail,  under  conditions  of  max- 
imum sag. 

RAILWAY  MOTORS 
RATING 

800  Nominal  Rating:  The  nominal  rating  of  a  railway  motor 
shall  be  the  mechanical  output  at  the  car  or  locomotive  axle,  measured 
in  kilowatts,  which  causes  a  rise  of  temperature  above  the  surrounding 
air,  by  thermometer,  not  exceeding  90  'C  at  the  commutator, 
and  75  *^C.  at  any  other  normally  accessible  part  after  one  hour's 
continuous  run  at  its  rated  voltage  (and  frequency  in  the  case  of  an 
alternating-current  motor)  on  a  stand  with  the  motor  covers  ar- 
ranged to  secure  maximum  ventilation  without  external  blower. 
The  rise  in  temperature  as  measured  by  resistance,  shall  not  exceed 
100 'C* 

801  The  statement  of  the  nominal  rating  shall  also  include  the  corres- 
ponding voltage  and  armature  speed. 

802  Continuous  Rating:  The  continuous  ratings  of  a  railway 
motor  shall  be  the  inputs  in  amperes  at  which  it  may  be  operated 
continuously  at  i,  f  and  full  voltage  respectively,  without  ex- 
ceeding the  specified  temperature  rises  (see  (806) ,  when  operated  on 
stand  test  with  motor  covers  and  cooling  system,  if  any,  arranged  as  in 
service.  Inasmuch  as  the  same  motor  may  be  operated  under  different 
conditions  as  regards  ventilation,  it  will  be  necessary  in  each  case  to 

*  This  definition  differs  from  that  in  the  1911  edition  of  the  Rules,  principally  by 
the  substitution  of  a  kilowatt  rating  for  the  horse-power  rating  and  the  omission  of  a 
reference  to  a  room  temperature  of  25"C.  For  the  purposes  of  these  Rules  the  horse- 
power shall  be  taken  as  746.0  watts.  On  account  of  the  hitherto  prevailing  practise 
of  expressing  mechanical  output  in  horse-power,  it  is  recommended  that,  for  the  present 
the  capacity  be  expressed  both  in  kilowatts  and  in  horse-power,  a  double  rating, 
namely. 

lew. approx.  equiv.  h.p. 

In  order  to  lay  stress  upon  the  preferred  future  basis,  it  is  desirable  that  on  rating 
plates,  the  rating  in  kilowatts  shall  be  shown  in  larger  and  more  prominent  characters 
than  the  capacity  in  horse  power. 
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define  the  system  of  ventilation  which  is  used.     In  case  motors  are 
cooled  by  external  blowers,  the  flow  of  air  on   which  the  rating    is 
based  shall  be  given. 
808       Maximum  Input.     The  subject  of  momentary  loads  for  rail-way 
motors  is  under  investigation. 


804 


TEMPERATURE  LIMITATIONS 
The  allowable  temperature  in  any  part  of  a  motor  in  service  will  be 
governed  by  /the  kind  of  material  with  which  that  part  is  insulated. 
In  view  of  space  limitations,  and  the  cost  of  carrying  dead  weig^ht 
on  cars,  it  is  considered  good  practice  to  operate  railway  motors 
for  short  periods  at  higher  temperatures  than  would  be  advisable 
in  stationary  motors.     The  following  temperatures  are  permissible: 

TABLE  XV 
Operating  Temperatures  of  Railway  Motors 


806 


Class 

of 

Material 

See  1373 

tor/». 

Mazimttm  Observable 

Temperature  of  windings 

when  in  continuous  service. 

By 
Thermometer 
See  §343 

By 

Resistance 

B 

86 
100 

110 
130 

For  infrequent  occasions,  due  to  extreme  ambient  temperatures, 
it  is  permissible  to  operate  at  15°  higher  temperature. 

With  a  view  to  not  exceeding  the  above  temperature  limitatioi  b, 
the  continuous  ratings  shall  be  based  upon  the  temperature  rises 
tabulated  below: 

TABLE  XVI 
Stand- Test  Temperature  Rises  of  Railway  Motors* 


Class 

of 
Material 

See  §373 
to  37» 

Temperature  Rises 
of   windings 

By 
Thermo- 
meter 
See   }348 

By 
Resis- 
tance 

A 

B 

36 
30 

86 
105 

*The  temperature  rise  in  service  may  be  very  different  from  that  on  stand  test. 
See  §  1104  for  relation  between  stand  test  and  service  temperatures,  as  affected  by 


ventilation. 
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806  Field-Control  Motors.  The  nominal  and  continuous  ratings  of  field- 
control  motors  shall  relate  to  their  performance  with  the  operating 
field  which  gives  the  maximum  motor  rating.  Each  section  of  the 
field  windings  shall  be  adequate  to  perform  the  service  required  of  it, 
without  exceeding  the  specified  temperature  rises. 


CHARACTERISTIC  CURVES 

810  The  Characteristic  Curves  of  railway  motors  shall  be  plotted  with 
the  current  as  abscissas  and  the  tractive  effort,  speed  and  efficiency 
as  ordinates.  In  the  case  of  a-c.  motors,  the  power  factor  shall 
also  be  plotted  as  ordinates. 

811  Characteristic  curres  of  direct-current  motors  shall  be  based 
upon  full  voltage,  which  shall  be  taken  as  600  volts,  or  a  multiple 
thereof. 

812  In  the  case  of  fleld-control  motors,  characteristic  curves  shall  be 
given  for  all  operating  field  connections. 


EFFICIENCY  AND  LOSSES 

816  The  efficiency  of  railway  motors  shall  be  deduced  from  a 
determination  of  the  losses  enumerated  in  §816  to  820.  (See  also 
i  1100  and  1101.) 

816  The  copper  loss  shall  be  determined  from  resistance  measurements 
corrected  to  76"  C. 

817  The  no-load  core  loss,  brush  friction,  armature-bearing  friction 
and  windage  shall  be  determined  as  a  total  under  the  following 
conditions: 

In  making  the  test,  the  motor  shall  be  run  without  gears. 
The  kind  of  brushes  and  the  brush  pressure  shall  be  the 
same  as  in  commercial  service.  With  the  field  separately  ex- 
cited, such  a  voltage  shall  be  applied  to  the  armature  terminals  as 
will  give  the  same  speed  for  any  given  field  current  as  is  obtained 
with  that  field  current  when  operating  at  normal  voltage  imder  load. 
The  sum  of  the  losses  above-mentioned,  is  equal  to  the  product  of 
the  counter-electromotive  force  and  the  armature  current. 

818  The  core  lose  in  d-c.  motors  shall  be  separated  from  the  friction 
and  windage  losses  above  described  by  measuring  the  power  required 
to  drive  the  motor  at  any  given  speed  without  gears,  by  running  it 
as  a  series  motor  on  low  voltage  and  deducting  this  loss  from  the 
sum  of  the  no-load  losses  at  corresponding  speed.  (See  JllOl  for 
alternative  method). 

The  friction  and  windage  losses  under  load  shall  be  assumed  to 
be  the  same  as  without  load,  at  the  same  speed. 

The  core  loss  under  load  shall  be  assumed  as  follows: 
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TABLE  XVn 
Core  Loss  in  D-C.  Railway  Motors  at  Various  Loads. 


Per  cent  of  Input 

Loss   as    Per   cent  of 

at  Nominal    Rating 

No-load  Core  Loss 

200 

166* 

160 

146 

100 

130 

76 

126 

60 

123 

26  and  under 

122 

Note: — ^With  moton  detigned  for  field  control  the  core  losses  shall  be  assumed  as  the 
same  for  both  full  and  permanent  field.  It  shall  be  the  mean  between  the  no-load  losses 
4t  full  and  permanent  field,  increased  by  the  percenttges  given  in  the  above  Table 

819  The  brush-contact  resistance  loss  to  be  used  in  determining  the 
efficiency,  may  be  obtained  by  assuming  that  the  sum  of  the  drops  at 
the  contact  surfaces  of  the  positive  and  negative  brushes  is  three 
volts. 

820  The  losses  in  gearing  and  axle  bearings  for  single-reduction  single- 
geared  motors,  varies  with  type,  mechanical  finish,  age  and  lubrication 
The  following  values,  based  on  accumulated  tests,  shall  be  used 
in  the  comparison  of  single-reduction  single-geared  motors. 

TABLE  XVni 
Losses  in  Axle  Bearings  and  Single-Reduction  Gearing  of  Railway  Motors. 


Per  Cent  of  Input 
at  Nominal  Rating 

Losses  as 
Per  Cent  of  Input 

200 
160 
126 

3.6 
3.0 

2.7 

100 
76 
80 

2.6 
2.6 
2.7 

60 
40 
30 

3.2 

4.4 
8.7 

26 

8.6 

NoTS: — Further  Investigation  may  indicate  the  desirabilitr  of  giving  separate  valve 
of  the  losses  for  full  and  tapped  fields,  or  low-  and  high-speed  motors. 


ELECTRIC  LOCOMOTIVES 

830  Rating.  Locomotives  shall  be  rated  in  terms  of  the  weight  on 
drivers,  nominal  one-hour  tractive  effort,  continuous  tractive  effort 
and  corresponding  speeds. 

831  Weight  on  Drivers.  The  weight  on  drivers,  expressed  in  pounds, 
shall  be  the  sum  of  the  weights  carried  by  the  drivers  and  of  the 
drivers  themselves. 
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882  Nominal  Tractive  Effort:  The  nominal  tractive  effort,  expressed  in 
pounds,  shall  be  that  exerted  at  the  rims  of  the  drivers,  when  the 
motors  are  operating  at  their  nominal  (one-hour)  rating. 

838  Continuous  Tractive  Effort.  The  continuous  tractive  effort,  ex- 
pressed in  pounds,  shall  be  that  exerted  at  the  rims  of  the  drivers 
when  the  motors  are  operating  at  their  full -voltage  continuous  rat- 
ing, as  indicated  in  {802. 

In  the  case  of  locomotives  operating  on  intermittent  service,  the 
continuous  tractive  effort  may  be  given  for  i  or  }  voltage,  but  in 
such  cases  the  voltage  shall  be  clearly  specified. 

834  Speed:  The  rated  speed,  expressed  in  miles  per  hour,  shall  be 
that  at  which  the  continuous  tractive  effort  is  exerted. 

See  also  Appendix  II  on  Additional  Standards  for  Railway  Motors. 

RATING   OF  AUTOMOBILE  PROPULSION  MOTORS 
AND  GENERATORS 

(ROAD  VEHICLES) 

886  Continuous  Rating.  Automobile  propulsion  motors  and  generators 
shall  be  given  a  continuous  rating,  expressed  in  kilowatts  output 
available  at  the  shaft  at  specified  speed.  The  machines  shall  be 
able  to  operate  continuously  at  their  rated  outputs  without  exceeding 
any  of  the  limitations  referred  to  in  §260. 

836  Short-Time  Rating.  Owing  to  the  variety  of  services  which  road 
vehicles  are  called  upon  to  perform,  no  single  standard  period  for 
short-time  ratings  is  recommended. 

837  Nominal  Rating.  No  special  nominal  rating  is  required  for 
automobile  propulsion  motors  or  generators. 

838  Temperature  Rises.  Owing  to  space  limitations  and  the  cost  of 
carrying  dead  weight  on  automobiles,  it  is  considered  good  practice 
to  operate  the  propulsion  machinery  at  higher  temperatures  than 
would  be  advisable  in  stationary  machines.  The  rating  of  auto- 
mobiles motors  and  generators  shall  be  based  upon  temperature  rise, 
on  a  stand  test  and  with  motor  covers  arranged  as  in  service,  fifteen 
degrees  by  thermometer  or  twenty- five  degrees  by  resistance,  above 
those  of  §379. 

839  Efficiency  and  Losses.  Unless  otherwise  specified  the  efficiency 
of  automobile  propulsion  machines  shall  be  based  upon  the  output 
at  the  shaft,  using  conventional  losses  as  tabulated  in  §440. 
When  such  machines  are  of  low  voltage,  the  great  influence  of  brush- 
contact  losses  on  the  efficiency  requires  that  these  losses  be  deter- 
mined experimentally  for  the  type  of  brush  used. 
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ILLUMINATION  AND  PHOTOMETRY 

The  following  Sections,  850  to  895,  are  abstracts  from  the  rules  of 
the  Nomenclature  and  Standards  Committee  of  the  Illuminating 
Engineering  Society.     They  are  here  included  by  permission. 

850  Luminous  Flux  is  radiant  power  evaluated  according  to  its  ca> 
pacity  to  produce  the  sensation  of  light. 

851  The  stimulus  coefficient  K/c  for  radiation  of  a  particular  wave- 
length, is  the  ratio  of  the  luminous  flux  to  the  radiant  power  pro- 
ducing it. 

852  The  mean  value  of  the  stimulus  coefficient^  Km,  over  any  range 
of  wave-lengths,  or  for  the  whole  visible  spectrum  of  any  source, 
is  the  ratio  of  the  total  luminous  flux  (in  lumens)  to  the  total  radiant 
power  (in  ergs  per  second,  but  more  commonly  in  watts). 

858  The  luminous  intensity  of  a  point  source  of  light  is  the  solid 
angular  density  of  the  luminous  flux  emitted  by  the  source  in  the 
direction  considered;  or  it  is  the  flux  per  unit  solid  angle  from  that 
source. 

Defining  equation: 

Let  /  be  the  intensity,  F  the  flux  and  CO  the  soHd  angle. 

Then  if  the  intensity  is  uniform, 

■■^' 

854  Illumination,  on  a  surface,  is  the  luminous  flux-density  over  that 
surface,  or  the  flux  per  unit  of  intercepting  area. 

Defining  equation: 

Let  E  be  the  illumination  and  5  the  area  of  the  intercepting  surface. 

Then  when  uniform, 

-^. 

855  Candle,  the  unit  of  luminous  intensity  maintained  by  the  Na- 
tional Laboratories  of  Prance,  Great  Britain,  and  the  United  States.^ 

856  Candle-power,  luminous  intensity  expressed  in  candles. 

857  Lumen,  the  unit  of  luminous  flux,  equal  to  the  flux  emitted  in  a 
unit  solid  angle  (steradian)  by  a  point  source  of  one  candle-power.* 

858  Luz,  a  unit  of  illumination  equal  to  one  lumen  per  square  meter. 
The  C.  G.  S.  unit  of  illumination  is  one  lumen  per  square  centimeter. 
For  this  unit  Blondel  has  proposed  the  name  *'  Phot."  One  milli- 
lumen  per  square  centimeter  (milliphot)  is  a  practical  derivative  of 

1  This  unit,  which  is  used  also  bj  many  other  countries,  is  frequently  referred  to  m» 
the  intemationel  candle.  ^  j 
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the  C.  G.  S.  system.     One  foot-candle  is  one  lumen  per  square  foot' 
and  is  equal  to  1.0764  milliphots. 
860      Specific  luminous  radiation,  the  luminous   flux-density  emitted 
by  a  surface,  or  the  flux  emitted  per  unit  of  emissive  area.     It  is 
expressed  in  lumens  pe^  square  centimeter. 

Defining  equation: 

Let  E'  be  the  specific  luminous  radiation. 

For  surfaces  obeying  Lambert's  cosine  law  of  emission. 

E'  -  t6.. 

868  The  Lambert,  the  C.  G.  S.  Unit  of  Brightness,  the  brightness  of  a 
perfectly  diffusing  surface  radiating  or  reflecting  one  lumen  per  square 
centimeter.  This  is  equivalent  to  the  brightness  of  a  perfectly  dif- 
fusing surface  having  a  coeflicient  of  reflection  equal  to  unity  and 
illuminated  by  one  phot. 

864  For  most  purposes,  the  millilambert  (0.001  lambert)  is  the  preferable 
practical  unit.  A  perfectly  diffusing  surface  emitting  one  lumen 
per  square  foot  will  have  a  brightness  of  1.076  millilamberts. 

866  Brightness  expressed  in  candles  per  square  centimeter  may  be 
reduced  to  Lamberts  by  multiplying  by  T. 

Brightness  expressed  in  candles  per  square  inch  may  be  reduced 
to  foot-candle  brightness,  by  multiplying  by  the  factor  144  V  «  452. 
Brightness  expressed  in  candles  per  square  inch  may  be  reduced 
to  lamberts  by  multiplying  by  ir/6.45  »  0.4868. 

In  practise,  no  surface  obeys  exactly  Lambert's  cosine  law  of 
emission;  hence  the  brightness  of  a  surface  in  lamberts  is,  in  general 
not  numerically  equal  to  its  specific  luminous  radiation  in  lumens 
per  square  centimeter. 

866  Coefficient  of  reflection,  the  ratio  of  the  total  luminous  flux  reflected 
by  a  surface  to  the  total  luminous  flux  incident,  upon  it.  It  is  a 
simple  numeric.  The  reflection  from  a  surface  may  be  regular, 
diffuse  or  mixed.  In  perfect  regular  reflection,  all  of  the  flux  is 
reflected  from  the  surface  at  an  angle  of  reflection  equal  to  the  angle 
of  incidence.  In  perfect  diffuse  reflection,  the  flux  is  reflected  from 
the  surface  in  all  directions,  in  accordance  with  Lambert's  cosine  law. 
In  most  practical  cases,  there  is  a  superposition  of  regular  and  diffuse 
reflection. 

867  Coefficient  of  regular  reflection  is  the  ratio  of  the  luminous  flux 
reflected  regularly  to  the  total  incident  flux. 

868  Coefficient  of  diffuse  reflection  is  the  ratio  of  the  luminous  flux 
reflected  diffusely  to  the  total  incident  flux. 

Defining  equation: 

Let  m  be  the  coefficient  of  reflection  (regular  or  diffuse). 

Then,  for  any  given  portion  of  the  surface, 

E' 


2  A  uniform  aource  of  one  candle  emits  4«>  lumens. 
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869  Lamp,  a  generic  term  for  an  artitictal  source  of  light. 

870  Primary  luminous  standard,  a  recognized  standard  luminous 
source  reproducible  from  specifications. 

871  Representative  luminous  standard,  a  standard  of  luminous  in- 
tensity adopted  as  the  authoritative  custodian  of  the  accepted  value 
of  the  unit. 

872  Reference  standard,  a  standard  calibrated  in  terms  of  the  unit  from 
either  a  primary  or  representative  standard  and  used  for  the  cali- 
bration of  working  standards. 

873  Working  standard,  any  standardized  luminous  source  for  daily 
use  in  photometry. 

874  Comparison  lamp,  a  lamp  of  constant  but  not  necessarily  known 
candle-power,  against  which  a  working  standard  and  test  lamps  are 
successively  compared  in  a  photometer. 

876       Test  lamp,  in  a  photometer, — a  lamp  to  be  tested. 

876  Performance  curve,  a  curve  representing  the  behavior  of  a  lamp 
in  any  particular  (candle-power,  consumption,  etc.)  at  different 
periods  during  its  life. 

877  Characteristic  curve,  a  curve  expressing  a  relation  between  two 
variable  properties  of  a  luminous  source,  as  candle-power  and  volts, 
candle-power  and  rate  of  fuel  consumption,  etc. 

878  Horizontal  Distribution  Curve.  A  polar  curve  representing  the 
luminous  intensity  of  a  lamp,  or  lighting  unit,  in  a  plane  perpendi- 
cular to  the  axis  of  the  unit,  and  with  the  unit  at  the  origin. 

879  Vertical  Distribution  Curve.  A  polar  curve  representing  the 
luminous  intensity  of  a  lamp,  or  lighting  unit,  in  a  plane  passing 
through  the  axis  of  the  unit,  and  with  the  unit  at  the  origin.  Unless 
otherwise  specified,  a  vertical  distribution  curve  is  assumed  to  be 
an  average  vertical  distribution  curve,  such  as  may  in  many  cases  be 
obtained  by  rotating  the  unit  about  its  axis  and  measuring  the  aver- 
age intensities  at  the  different  elevations.  It  is  recommended  that 
in  vertical  distribution  curves,  angles  of  elevation  shall  be  counted 
positively  from  the  nadir  as  zero,  to  the  zenith  as  180  degrees.  In 
the  case  of  incandescent  lamps,  it  is  assumed  that  the  vertical  dis- 
tribution curve  is  taken  with  the  tip  downward. 

880  Mean  horizontal  candle-power  of  a  lamp, — the  average  candle- 
power  in  the  horizontal  plane  passing  through  the  luminous  center  of 
the  lamp. 

It  is  here  assumed  that  the  lamp  (or  other  light  source)  is  mounted 
in  the  usual  manner,  or,  as  in  the  case  of  an  incandescent  lamp,  with 
its  axis  of  symmetry  vertical. 

881  Mean  spherical  candle-power  of  a  lamp, — the  average  candle- 
power  of  a  lamp  in  all  directions  in  space.  It  is  equal  to  the  total 
luminous  flux  of  the  lamp,  in  lumens,  divided  by  4t. 

882  Mean  hemispherical  candle-power  of  a  lamp  (upper  or  lower), — 
the  average  candle-power  of  a  lamp  in  the  hemisphere  considered. 
It  is  equal  to  the  total  luminous  flux  emitted  by  the  lamp,  in  that 
hemisphere,  divided   by  29r,  ^  j 
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888  Mean  zonal  candle-power  of  a  lamp, — the  average  candle-power 
of  a  lamp  over  the  given  zone.  It  is  equal  to  the  total  luminous 
flux  emitted  by  the  lamp  in  that  zone,  divided  by  the  solid  angle  of 
the  zone. 

884  Spherical  reduction  factor  of  a  lamp, — the  ratio  of  the  mean  spheri- 
cal to  the  mean  horizontal  candle-power  of  the  lamp.^ 

886  Photometric  Tests  in  which  the  results  are  stated  in  candle-power 
should  be  made  at  such  a  distance  from  the  source  of  light  that  the 
latter  may  be  regarded  as  practically  a  point.  Where  tests  are  made 
in  the  measurement  of  lamps  with  reflectors,  the  resiilts  should  always 
be  given  as  *'  apparent  candle-power  "  at  the  distance  employed, 
which  distance  should  always  be  specifically  stated. 

886  The  output  of  all  illuminants  should  be  expressed  in  lumens. 

887  Illuminants  should  be  rated  upon  a  lumen  basis  instead  of  a  candle- 
power  basis. 

888  The  specific  output  of  electric  lamps  should  be  stated  in  lumens 
per  watt;  and  the  specific  output  of  illuminants  depending  upon 
combustion  should  be  stated  in  lumens  per  b.t.u.  per  hour.  The 
use  of  the  term  "  efficiency  "  in  this  connection  should  be  discouraged. 

When  auxiliary  devices  are  necessarily  employed  in  circuit  with  a 
lamp,  the  input  should  be  taken  to  include  both  that  in  the  lamp  and 
that  in  the  auxiliary  devices.  For  example,  the  watts  lost  in  the 
ballast  resistance  of  an  arc  lamp  are  properly  chargeable  to  the  lamp. 

889  The  Specific  Consumption  of  an  electric  lamp  is  its  watt  consump- 
tion per  lumen.  "  Watts  per  candle  "  is  a  term  used  commercially 
in  connection  with  electric  incandescent  lamps,  and  denotes  watts 
per  mean  horizontal  candle-power. 

890  Life  Tests.  Electric  Incandescent  Lamps  of  a  given  type  may  be 
assumed  to  operate  under  comparable  conditions  only  when  their 
lumens  per  watt  consumed  are  the  same.  Life-test  results,  in  order 
to  be  compared,  must  be  either  conducted  under,  or  reduced  to, 
comparable  conditions  of  operation. 

891  In  Comparing  Different  Luminous  Sources,  not  only  should  their 
candle-power  be  compared,  but  also  their  relative  form,  brightness, 
distribution  of  illumination  and  character  of  light. 

892  Lamp  Accessories.  A  reflector  is  an  appliance,  the  chief  use  of 
which  is  to  redirect  the  luminous  fiux  of  a  lamp  in  a  desired  direc- 
tion or  directions. 

898  A  Shade  is  an  appliance,  the  chief  use  of  which  is  to  diminish  or  to 
interrupt  the  flux  of  a  lamp  in  certain  directions,  where  such  flux 
is  not  desirable.  The  function  of  a  shade  is  commonly  combined 
with  that  of  a  reflector. 

894  A  Globe  is  an  enclosing  appliance  of  clear  or  diffusing  materials, 
the  chief  use  of  which  is  either  to  protect  the  lamp,  or  to  diffuse  its 
light. 

3  In  the  dase  of  a  uniform  i>oint-soarca.  this  factor  would  be  unity,  and  for  a  itral^t 
cylindrical  filament  obeying  the  cotine  law  it  would  be  v/«* 
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TABLE  XIX. 
Photometric  Units  and  Abbreviations. 


Photometric 
quantity 


Name  of 
unit 


Abbreviatioaa, 

SrmboU  and  defining 

equations 


I. 

Luminous  flux 

Lumen 

2. 

Luminous  intensity 

Candle 

3. 

Illumination 

Phot.,  foot-candle, 
lux 

4. 

Exposure 

Phot-second 

Apparent  candles 

per  sq.  cm. 

6. 

Brightness 

Apparent  candles 
per  sq.  in. 

Lambert 

6. 

Normal  brightness 

Candles  per  sq.  cm. 
Candles  per  sq.  in. 

7. 

Specific  luminous 

Lumens  per  sq.  cm. 

radiation 

Lumens  per  sq.  in. 

8. 

Coefficient  of  re- 

flection 

— 

/?•.  ^ 


d^ 


I  --;— ,r  -  —— ,  cp. 
dia  dcj 

£  „  _   .  _.cos<».^ 
/      E 

dl 


dS  cos  e 


L 

dF 
dS 

b. 

dl 
dS 

£' 

-x6o/3 

m 

£' 
E 

scp 
Icp 

ucp 

zcp 

9.  Mean  spherical  candlepower 

10.  Mean  lower  hemispherical  candlepower 

1 1 .  Mean  upper  hemispherical  candlepower 

12.  Mean  zonal  candlepower 

1 3.  1  lumen  is  emitted  by  0.07958  spherical  cp. 

14.  1  spherical  candlepower  emits  12.57  lumens. 

15.  1  lux    =»    1  lumen  incident  per  square  meter    «   0,0001   phot 

-0.1  milliphot. 

1  phot  »  1  lumen  incident  per  sq.  cm.  »  10.000  lux  «  1000 
milliphot. 

1  milliphot  -  0.001  phot  =  0.929  foot-candle. 

1  foot-candle  «  1  lumen  incident  per  square  foot  »  1.076  milli- 
phot =«  10.76  lux. 

1  lambert  »  1  lumen  emitted  per  square  centimeter.* 

1  miUilambert  »  0.001  lambert. 

1  lumen,  emitted,  per  square  foot*  =  1.076  miUilambert. 

1  miUilambert  »  0.929  lumen,  emitted,  per  square  foot*. 

23.  1  lambert  »  0.3183  candle  per  sq.  cm.  »  2.054  candles  per  sq.  in. 

24.  1  candle  per  sq.  cm.  »  3.1416  lamberts. 

25.  1  candle  per  sq.  in.   »  0.4868  lamberts  <«  486.8   millilamberts. 
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17. 
18. 

19. 
20. 
21. 
22. 
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STANDARDS  FOR  TELEPHONY  AND  TELEGRAPHY 

910  After  careful  consideration,  it  does  not  seem  that  the  time  is 
yet  ripe  for  a  formal  standardization  of  terms  and  definitions  used 
in  telephony  and  telegraphy.  Many  of  the  terms  commonly 
employed  are  used  in  more  than  a  single  way,  and  conversely,  many 
pieces  of  apparatus  and  many  constants  which  are  essentially 
identical  from  a  physical  standpoint  have  been  and  are  known  by 
more  than  one  designation. 

911  Damping  of  a  Circuit.  The  damping,  at  a  given  point,  in  a  circuit 
from  which  the  source  of  energy  has  been  withdrawn,  is  the  pro- 
gressive diminution  in  the  effective  value  of  electromotive  force 
and  current  at  that  point  resulting  from  the  withdrawal  of  elec- 
trical energy. 

912  Damping  Constant.  The  damping  constant  of  a  ci-rcuit  depends 
upon  the  ratio  of  the  dissipative  to  the  reactive  component  of  its 
impedance  or  admittance. 

Applied  to  the  admittance  of  a  condenser  or  other  simple  circuit 
having  capacity  reactance,  the  damping  constant  for  a  harmonic 
electromotive  force  of  given  frequency  is  the  ratio  of  the  conduc- 
tance of  the  condenser  or  simple  circuit  at  that  frequency,  to  twice 
the  capacity  of  the  condenser  at  the  same  frequency. 

Applied  to  the  reactance  of  a  coil  or  other  simple  circuit  having 
inductive  reactance,  the  damping  constant  for  a  harmonic  current 
of  given  frequency  is  the  ratio  of  the  resistance  of  the  coil  or  cir- 
cuit at  that  frequency,  to  twice  the  inductance  at  the  same  frequency. 
918  Equivalent  Circuit.  An  equivalent  circuit  is  a  simple  network 
of  series  and  shunt  impedances,  which,  at  a  given  frequency,  is 
the  approximate  electrical  equivalent  of  a  complex  network  at  the 
same  frequency  and  under  steady-state  conditions. 

Note:  As  ordinarily  considered,  the  simple  networks  as  defined 
are  the  electrical  equivalents  of  complex  networks  only  with  respect 
to  definite  pairs  of  terminals,  and  only  as  to  sending-end  impedances, 
and  total  attenuation.  A  further  requirement  is  that  the  only  con- 
nections between  the  pairs  of  terminals  are  those  through  the  net- 
work itself. 
914  «*  T  "  Equivalent  Circuit.  A  "  T  "  equivalent  circuit  is  a  triple- 
star  or  "  Y  "  connection  of  three  impedances  externally  equivalent 
to  a  complex  network. 
Symbol :  #.-Jv\WW^ — i — AAAAA^— • 
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915  **  U  "  Equivalent  Circuit.  A  "  U  "  equivalent  circuit  is  a  delta 
connection  of  three  impedances  externally  equivalent  to  a  com- 
plex network.     It  is  also  called  a  "  11  *'  equivalent  circuit. 


Symbol: 


4— ^^A^^AA^^^— ^ 

IMPEDANCE 

•16  Mutual  Impedance.  The  mutual  impedance,  for  alternating  cur- 
rents, between  a  pair  of  terminals  and  a  second  pair  of  terminals 
of  a  network,  under  any  given  condition,  is  the  negative  vector 
ratio  of  the  electromotive  force  produced  between  either  pair  of 
terminals  on  open  circuit,  to  the  current  flowing  between  the  other 
pair  of  terminals. 

917  Self  Impedance.  The  self  impedance  between  a  pair  of  terminals 
of  a  network,  under  any  given  condition,  is  the  vector  ratio  of  the 
electromotive  force  applied  across  the  terminals  to  the  current 
produced  between  them. 

LINE  CHARACTERISTICS 

918  Characteristic  Impedance.  The  characteristic  impedance  of  a  line  is 
the  ratio  of  the  applied  electromotive  force  to  the  resulting 
steady-state  current  upon  a  line  of  infinite  length  a/id  uniform 
structure,  or  of  periodic  recurrent  structure. 

NoTB:  In  telephone  practice,  the  terms  (1)  line  impedance, 
(2)  surge  impedance,  (3)  iterative  impedance,  (4)  sending-end 
impedance,  (5)  initial  sending-end  impedance,  (6)  final  sending-end 
impedance,  (7)  natural  impedance  and  (8)  free  impedance,  have 
apparently  been  more  or  less  indefinitely  and  indiscriminately  used 
as  synonyms  with  what  is  here  defined  as  "  characteristic  impedance.*' 

919  Sending-End  Impedance.  The  sending-end  impedance  of  a  line  is 
the  vector  ratio  of  the  applied  electromotive  force  to  the  re- 
sulting steady-state  current  at  the  point  where  the  electromotive 
force  is  s^plied. 

Note:  See  note  under  "Characteristic  Impedance.  **  In  case 
the  line  is  of  infinite  length  of  uniform  structure  or  of  periodic  re- 
current structure,  the  sending-end  impedance  and  the  character- 
istic impedance  are  the  same. 

920  Propagation  Constant.  The  propagation  constant  per  unit  length 
of  a  uniform  line,  or  per  section  of  a  line  of  periodic  recurrent 
structure,  is  the  natural  logarithm  of  the  vector  ratio  of  the 
steady-state  currents  at  various  points  separated  by  unit  length  in 
a  uniform  line  of  infinite  length,  or  at  successive  corresponding 
points  in  a  line  of  recurrent  structure  of  infinite  length.  The  ratio 
is  determined  by  dividing  the  value  of  the  current  at  the  point 
nearer  the  transmitting  end  by  the  value  of  the  current  at  the  point 
more  remote. 
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•21       Attenuation  Constant.  The  attenuation   constant  is  the  real  part 

of  the   propagation   constant. 
•22      Wave-Length  Constant.  The  wave-length  constant  is  the  imaginary 

part  of  the  propagation  constant. 

LINE  CIRCUITS 

•30  Ground-Return  Circuit.  A  ground-return  circuit  is  a  circuit  con- 
sisting of  one  or  more  metallic  conductors  in  parallel,  with  the 
circuit  completed  through  the  earth. 

981  Metallic  Circuit.  A  metallic  circuit  is  a  circuit  of  which  the  earth 
forms  no  part. 

982  Two-Wire  Circuit.  A  two-wire  circuit  is  a  metallic  circuit  formed 
by  two  paralleling  conductors   insulated   from   each   other. 

988  Superposed  Circuit.  A  superposed  circuit  is  an  additional  circuit 
obtained  from  a  circuit  normally  required  for  another  service,  and 
in  such  a  manner  that  the  two  services  can  be  given  simultaneously 
without  mutual  interference. 

984  Phantom  Circuit.  A  phantom  circuit  is  a  superposed  circuit, 
each  side  of  which  consists  of  the  two  conductors  of  a  two-wire 
circuit  in  parallel. 

985  Side  Circuit.  A  side  circuit  is  a  two- wire  circuit  forming  one  side 
of  a  phantom  circuit. 

936  Non-Phantomed  Circuit.  A  non-phantomed  circuit  is  a  two-wire 
circuit,  which  is  not  arranged  for  use  as  the  side  of  a  phantom  circuit. 

987  Simplezed  Circuit.  A  simplexed  circuit  is  a  two-wire  telephone 
circuit,  arranged  for  the  super-position  of  a  single  ground-return  sig* 
nailing  circuit-operating  over  the  wires  in  parallel. 

Notb:  In  view  of  the  use  of  the  term  "  Simplex  Operation  '  * 
in  telegraph  practice,  it  is  felt  that  the  designation  "  Simplexed 
Circuit  "  as  applied  to  the  arrangement  described  is  not  a  happy  one. 

988  Composited  Circuit.  A  composited  circuit  is  a  two-wire  telephone 
circuit,  arranged  for  the  superposition  on  each  of  its  component 
metallic  conductors,  of  a  single  independent  ground-return  signalling 
circuit. 

939  Quadded  or  Phantomed  Cable.  A  quadded  or  phantomed  cable 
is  a  cable  adapted  for  the  use  of  phantom  circuits. 

Notb:  The  type  of  cable  here  defined  has  frequently  been 
designated  as  "  Duplex  Cable  " — a  term  which  is  objectionable., 
both  on  account  of  its  lack  of  description  and  its  widely  different 
use  in  telegraph  practice. 

LOADING 

960  Loaded  Line.  A  loaded  line  is  one  in  which  the  normal  indue* 
tance  of  the  circuit  has  been  altered  for  the  purpose  of  increasing 
its  transmission  efficiency  for  one  or  more  frequencies. 

961  Series  Loaded  Line.  A  series  loaded  line  is  one  in  which  the 
normal  inductance  has  been  altered  by  inductance  serially  u^plied. 
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952  Shunt  Loaded  Line.  A  shunt  loaded  line  is  one  in  which  the  nor- 
mal inductance  of  the  circuit  has  been  altered  by  inductance  applied 
in  shunt  across  the  circuit. 

958  Continuous  Loading.  A  continuous  loading  is  a  series  loading  in 
which  the  added  inductance  is  uniformly  distributed  along  the 
conductors. 

954  Coil  Loading.  A  coil  loading  is  one  in  which  the  normal  induc- 
tance is  altered  by  the  insertion  of  lumped  inductance  in  the 
circuit  at  intervals.  This  lumped  inductance  may  be  applied 
either  in  series  or  in  shunt. 

Notb:  As  commonly  understood,  coil  loading  is  a  series  load- 
ing, in  which  the  lumped  inductance  is  applied  at  uniformly  spaced 
recurring  intervals 

955  Microphone.  A  contact  device  designed  to  have  its  electrical  re- 
sistance directly  and  materially  altered  by  slight  differences  in 
mechanical  pressure. 

956  Relay.  A  relay  is  a  device  by  means  of  which  contacts  in  one 
circuit  are  operated  under  the  control  of  electrical  energy  in  the 
same  or  other  circuits. 

957  Resonance.  Resonance  of  a  harmonic  alternating  current  of  given 
frequency,  in  a  simple  series  circuit,  containing  resistance,  induc- 
tance and  capacity,  is  the  condition  in  which  the  positive  re- 
actance of  the  inductance  is  numerically  equal  to  the  negative 
reactance  of  the  capacity.  Under  these  conditions,  the  current 
flow  in  the  circuit  with  a  given  electromotive  force  is  a  maximum. 

958  Retardation  Coil.  A  retardation  coil  is  a  reactor  (reactance  coil) 
used  in  a  circuit  for  the  purpose  of  selectively  reacting  on  cur- 
rents which  vary  at  different  rates. 

Notb:  In  telephone  and  telegraph  usage,  the  terms  ''impedance 
coil,  "  "  inductance  coil,  "  choke  coil  "  and  "  reactance  coil  "  are 
sometimes  used  in  place  of  the  term  "  retardation  coil.  " 

959  Skin  Effect.  Skin  effect  is  the  phenomenon  of  the  non-uniform 
distribution  of  current  throughout  the  cross-section  of  a  linear 
conductor,  occasioned  by  variations  in  the  intensity  of  the  mag- 
netic field  due  to  the  current  in  the  conductor. 

960  Telephone  Receiver.  A  telephone  receiver  is  an  electrically  opera- 
ted device,  designed  to  produce  sound  waves  or  vibrations  which 
correspond  in  form  to  the  electromagnetic  waves  or  vibrations 
actuating  it. 

961  Telephone  Transmitter.  A  telephone  transmitter  is  a  sound-wave 
or  vibration-operated  device  designed  to  produce  electromagnetic 
waves  or  vibrations  which  correspond  in  form  to  the  sound  waves 
or  vibrations  actuating  it. 

962  The  Coefficient  of  Coupling  of  a  Transformer.  The  coefficient 
of  coupling  of  a  transformer  at  a  given  frequency,  is  the  vector 
ratio  of  the  mutual  impedance  between  the  primary  and  second- 
ary of  the  transformer,  to  the  square  root  of  the  product  of  the 
self-impedances  of  the  primary  and  of  the  secondary. 

968  Repeating  Coil.  A  term  used  in  telephone  practice  meaning  the 
same   as  transformer,   and  ordinarily  a  transformer  <|^jimty  ratio. 
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APPENDIX  I. 
STilNDARDS  FOR  RADIO  COMMUNICATION 

The  following  Sections  1000  to  1033  have  been  abstracted  from 
the  report  of  the  Standardization  Committee  of  the  Institute  of 
Radio  Engineers,  and  are  here  included  by  permission  as  an  Ap- 
pendix, until  further  revised.  For  full  particulars,  see  the  I.R.E. 
Standardization  Committee  report. 

1000  Acoustic  Resonance  Device.  One  which  utilizes,  in  its  operation, 
resonance  to  the  audio  frequency  of  the  received  signals. 

1001  Antenna.  A  system  of  conductors  designed  for  radiating  or 
absorbing  the  energy  of  electromagnetic  waves. 

1002  Atmospheric  Absorption.  That  portion  of  the  total  loss  of  radi- 
ated energy  due  to  atmospheric  conductivity. 

1008  Andio  Frequencies.  The  frequencies  corresponding  to  the  norm- 
ally audible  vibrations.  These  are  assumed  to  lie  below  10,000 
cycles  per  second. 

1004  Capacitive  Coupler.  An  apparatus  which,  by  electric  fields,  joins 
portions  of  two  radio  frequency  circuits,  and  which  is  used  to  transfer 
electrical  energy  between  these  circuits  through  the  action  of  elec- 
tric forces. 

1005  Coefficient  of  Coupling  (Inductive).  The  ratio  of  the  effective 
mutual  inductance  of  two  circuits  to  the  square  root  of  the  product 
of  the  effective  self-inductances  of  each  of  these  circuits. 

1006  Direct  Coupler.  A  coupler  which  magnetically  joins  two  cir- 
cuits having  a  common  conductive  portion. 

1007  Counterpoise.  A  system  of  electrical  conductors  forming  one 
portion  of  a  radiating  oscillator,  the  other  portion  of  which 
is  the  antenna.  In  land  stations  a  counterpoise  forms  a  capacitive 
connection  to  ground. 

1008  A  Damped  Alternating  Current  is  an  alternating  current  whose 
amplitude  progressively  diminishes. 

1009  The  Damping  Factor  of  an  exponentially  damped  alternating  cur* 
rent  is  the  product  of  the  logarithmic  decrement  and  the  frequency. 

Let  Iq  s  initial  amplitude 

It   »  amplitude  at  the  time  / 
6    B  base  of  Napierian  logarithms 
a    B  damping  factor 
Then:  It  =  Iq  €-«' 

1010  Detector.  That  portion  of  the  receiving  apparatus  which,  con- 
nected to  a  circuit  carrying  currents  of  radio  frequency,  and  in 
conjunction  with  a  self-contained  or  separate  indicator,  translates 

Digitized  by  LjOOQ IC 


1644       STANDARDIZATION  RULES  OF  THE  A.  L  E.  E, 

the  radio  frequency  energy  into  a  form  suitable  for  operation  of 
the  indicator.  This  translation  may  be  effected  either  by  the  con- 
version of  the  radio  frequency  energy,  or  by  means  of  the  control 
of  local  energy  by  the  energy  received. 

1011  Electromagnetic  Wave.  A  periodic  electromagnetic  disturbance 
progressing  through  space. 

1012  Forced  Alternating  Current.  A  current,  the  frequency  and  damp- 
ing of  which  are  equal  to  the  frequency  and  damping  of  the  exciting 
electromotive  force. 

1013  Free  Alternating  Current.  The  current  following  any  electro- 
magnetic disturbance  in  a  circuit  having  capacity,  inductance, 
and  less  than  the  critical  resistance. 

1014  Critical  Resistance  of  a  Circuit.  That  resistance  which  determines 
the  limiting  condition  at  which  the  oscillatory  discharge  of  a  circuit 
passes  into  an  aperiodic  discharge. 

1015  Group  Frequency.  The  number  per  second  of  periodic  changes 
in  amplitude  or  frequency  of  an  alternating  current. 

Note  1.  Where  there  is  more  than  one  periodically  recurrent 
change  of  amplitude  or  frequency,  there  is  more  than  one  group 
frequency  present. 

Note  2.  The  term  "  group  frequency"  replaces  the  term  **  spark 
frequency." 

1016  Inductive  Coupler.  An  apparatus  which,  by  magnetic  forces, 
joins  portions  of  two  radio  frequency  circuits  and  is  used  to  transfer 
electrical  energy  between  these  circuits,  through  the  action  of  these 
magnetic  forces. 

1017  Linear  Decrement  of  a  Linearly  Damped  Alternating  Current  is 
the  difference  of  successive  current  amplitudes  in  the  same  direction, 
divided  by  the  larger  of  these  amplitudes. 

Let:  In  and  In^\  be  successive  current  amplitudes  in  the  same 
direction,  of  a  linearly-damped  alternating  current. 

Then:  The  linear  decrement,  h  =      n       n^ 

Also:  It  =  /o  (1  -bft) 

Where:    7©  "  initial  current  amplitude 

It  —  current  amplitude  at  time  t 

f    =  frequency  of  alternating  current 

1018  Logarithmic  Decrement  of  an  exponentially  damped  alternating 
current  is  the  logarithm  of  the  ratio  of  successive  current  ampli- 
tudes in  the  same  direction. 

Note:  Logarithmic  decrements  are  standard  for  a  complete 
period  or  cycle. 

Let:  In  and  In+i  be  successive  current  amplitudes  in  the 
same  direction. 

d    >■  logarithznic  decrement 
/«. 


Then:  rf-log,  _ 
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1019  Radio  Frequencies.  The  frequencies  higher  than  those  corres- 
ponding to  the  normally  audible  vibrations,  which  are  generally 
taken  as  10,000  cycles  per  second.     See  also  Audio  Frequencies. 

Note:  It  is  not  implied  that  radiation  cannot  be  secured  at 
lower  frequencies  and  the  distinction  from  audio  frequencies  is 
merely  one  of  definition  based  on  convenience 

1020  Resonance  of  a  circuit  to  a  given  exciting  alternating  e.m.f .  is  that 
condition  due  to  variation  of  the  inductance  oi  capacity  in  which 
the  resulting  effective  current  (or  voltage)  in  that  circuit  is  a  maximum. 

1024  A  Standard  Resonance  Curve  is  a  curve  the  ordinates  of  which 
are  the  ratios  of  the  square  of  the  current  at  any  frequency  to  the 
square  of  the  resonant  current,  and  the  abscissas  are  the  ratios  of 
the  corresopnding  wave  length  to  the  resonant  wave  length;  the 
abscissas  and  ordinates  having  the  same  scale. 

1026  Sustained  Radiation  consists  of  waves  radiated  from  a  conductor 
in  which  an  alternating  current  flows.) 

1027  Tuning.  The  process  of  securing  the  maximum  indication  by 
adjusting  the  time  period  of  a  driven  element.     (See  Resonance.) 

1028  A  WaTe-Meter^  is  a  radio  frequency  measuring  instrument,  cali- 
brated to  read  wave  lengths. 

1080  Decremeter.  An  instrument  for  measuring  the  logarithmic  de- 
crement of  a  circuit  or  of  a  train  of  electromagnetic  waves. 

1081  Attenuation,  Radio.  The  decrease  with  distance  from  the  radi- 
ating source,  of  the  amplitude  of  the  electric  and  magnetic  forces 
accompanying  (and  constituting)  an  electromagnetic  wave. 

1082  Attenuation,  Coefficient  of  (Radio).  The  coefficient,  which,  when 
multiplied  by  the  distance  of  transmission  through  a  uniform  medium, 
gives  the  natural  logarithm  of  the  ratio  of  the  amplitude  of  the 
electric  or  magnetic  forces  at  that  distance,  to  the  initial  value  of 
the  corresponding  quantities. 

1088  Coupler.  An  apparatus  which  is  used  to  transfer  radio-frequency 
energy  from  one  circuit  to  another  by  associating  portions  of  these 
circuits. 
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APPENDDC  n. 
ADDITIONAL  STANDARDS  FOR  RAILWAY  MOTORS 

1100  In  comparing  projected  motors,  and  in  case  it  is  not  possible  or 
desirable  to  make  tests  to  determine  mechanical  losses,  the  follow- 
ing vsdues  of  these  losses,  determined  from  the  averages  of  many 
tests  over  a  wide  range  of  sizes  of  single-reduction  single-geared 
motors,  will  be  found  useful,  as  approximations.  They  include 
axle-bearing,  gear,  armature-bearing,  brush-friction,  windage,  and 
stray -load  losses. 

TABLE  XX 
Approximate  Losses  in  D-C.  Railway  Motors. 


Input  in  per  cent  of  that  at  nominal 
rating 

Losses  as  per  cent  of  input 

100    or  over 
76 
60 

6.0 
6.0 
6.3 

60 
40 
30 

6.6 

8.8 

13.3 

26 

17.0 

1101  The  core  loss  of  railway  motors  is  sometimes  determined 
by  separately  exciting  the  field,  and  driving  the  armature 
of  the  motor  to  be  tested,  by  a  separate  motor  having  known  losses 
and  noting  the  differences  in  losses  between  driving  the  motor  light 
at  various  speeds  and  driving  it  with  various  field  excitations. 

1102  Selection  of  Motor  For  Specified  Service 

The  following  information  relative  to  the  service  to  be  performed, 
is  required,  in  order  that  an  appropriate  motor  may  be  selected. 

(a)  Weight  of  total  number  of  cars  in  train  (in  tons  of  2000  lb.) 
exclusive  of  electrical  equipment  and  load. 

(b)  Average  weight  of  load  and  durations  of  same,  and  maximum 
weight  of  load  and  durations  of  same. 

(c)  Number  of  motor  cars  or  locomotives  in  train,  and  number 
of  trailer  cars  in  train. 

(d)  Diameter  of  driving  wheels. 

(e)  Weight  on  driving  wheels,  exclusive  of  electrical  equipment. 

(f )  Number  of  motors  per  motor  car. 

(g)  Voltage  at  train  with  power  on  the  motors — average,  maxi- 
mum and  minimum. 
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(h)  Rate  of  acceleration  in  mi.  per.  hr.  per  second. 

(i)  Rate  of  braking  (retardation  in  m.  per  hr.  per  second). 

(j)  Speed  limitations,  if  any  (including  slowdowns). 

(k)  Distances  between  stations. 

0)  Duration  of  station  stops. 

(m)  Schedule  speed  including  station  stops  in  m.p.h. 

(n)  Train  resistance  in  pounds  per  ton  of  2000  pounds  at  stated 
speeds. 

(o)  Moment  of  inertia  of  revolving  parts,  exclusive  of  electrical 
equipment. 

(p)  Profile  and  alignment  of  track. 

(q)  Distance  coasted  as  a  per  cent  of  the  distance  between  station 
stops. 

(r)  Time  of  layover  at  end  of  run,  if  any. 
1109  Staad-Test  Method  of  Comparing  Motor  Capacity  with  Service 
Reqiiirementa:  When  it  is  not  convenient  to  test  motors  under  actual 
specific  service  conditions,  recourse  may  be  had  to  the  following 
method  of  determining  temperature  rise. 
1104  The  essential  motor  losses  affectirg  temperatures  in  service  are 
those  in  the  motor  windings,  core  and  commutator.  The  mean  ser- 
vice conditions  may  be  expressed,  as  a  dose  approximation,  in  terms 
of  that  continuous  current  and  core  loss  which  will  produce  the  same 
losses  and  distribution  of  losses  as  the  average  in  service. 

A  stand  test  with  the  current  and  voltage  which  will  give 
losses  equal  to  those  in  service,  will  determine  whether  the  motor  has 
sul&cient  capacity  to  meet  the  service  requirements.  In  service,  the 
temperature  rise  of  an  enclosed  motor  ((164),  well  exposed  to  the 
draught  of  air  incident  to  a  moving  car  or  locomotive,  will  be  from  76 
to  90  per  cent  (depending  upon  the  character  of  the  service)  of  the  tem- 
perature rise  obtained  on  a  stand  test  with  the  motor  completely 
enclosed  and  with  the  same  losses.  With  a  ventilated  motor  ({165 
and  $167),  the  temperature  rise  in  service  will  be  90  to  100  per  cent  of 
the  temperature  rise  obtained  on  a  stand  test  with  the  same  losses. 
1106  In  making  a  stand  test  to  determine  the  temperature  rise  in  a 
specific  service,  it  is  essential  in  the  case  of  a  self- ventilated  motor 
(I  167),  to  run  the  armature  at  a  speed  which  corresponds  to  the 
schedule  speed  in  service.  In  order  to  obtain  this  speed  it  may  be 
necessary,  while  maintaining  the  same  total  armature  losses,  to  change 
somewhat  the  ratio  between  the  I*R  and  core-loss  components. 

1106  Calculation  for  Comparing  Motor  Capacity  with  Service  Require- 
ments. The  heating  of  a  motor  should  be  determined,  wherever 
possible,  by  testing  it  in  service,  or  with  an  equivalent  duty  cycle. 
When  the  service  or  equivalent  duty-cycle  tests  are  not  practicable, 
the  ratings  of  the  motor  may  be  utilized  as  follows  to  determine  its 
temperature  rise. 

1107  The  motor  losses  which  affect  the  heating  of  the  windings  are  as 
stated  above,  those  in  the  windings  and  in  the  core.  The  former 
are  proportional  to  the  square  of  the  current.  The  latter  vary  with 
the  voltage  and  current,  according  to  curves  which  can  be  supplied 

by  the  manufacturers.     The  procedure  is  therefore  as  follows:^^  _  _  _^T  _ 
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1108  (a)  Plot  a  time-current  curve,  a  time-voltage  curve,  and  a  time-core 
loss  curve  for  the  duty  cycle  which  the  motor  is  to  perform,  and  calcu- 
late from  these  the  root-mean-square  current  and  the  average  core 
loss. 

1109  (b)  If  the  calctilated  r.m.s.  service  current  exceeds  the  continuous 
rating,  when  run  with  average  service  core  loss  and  speed,  the  motor 
is  not  suflBciently  powerful  for  the  duty  cycle  contemplated. 

1110  (c)  If  the  calculated  r.m.s.  service  current  does  not  exceed 
the  continuous  rating,  when  run  with  average  service  core  loss 
and  speed,  the  motor  is  ordinarily  suitable  for  the  service.  In  some 
cases,  however,  it  may  not  have  sufficient  thermal  capacity  to  avoid 
excessive  temperature  rises  during  the  periods  of  heavy  load. 
In  such  cases  a  further  calculation  is  required,  the  first  step  of  which 
is  to  compute  the  equivalent  voltage  which,  with  the  r.m.s.  current, 
will  produce  the  average  core-loss.  Having  obtained  this,  determine, 
as  follows,  the  temperature  rise  due  to  the  r.m.s.  service  current  and 
equivalent  voltage. 


Let  I  •  temperature  rise 
^0 "  ^R  loss,  kw. 
Pc  >■  core  loss,  kw. 

T  «  temperature  rise 
P«  -  PR  loss,  kw. 
Pg  ■■  core  loss,  kw. 
Then 


with  r.m.s.  service  current,  and  equiva- 
lent service  voltage. 

with  continuous  load  current  correspond- 
ing to  the  equivalent  service  voltage. 


.        -      p.p.  approximately. 

1111  (d)  The  thermal  capacity  of  a  motor  is  approximately  measured 
by  the  ratio  of  the  electrical  loss  in  kw.  at  its  nominal  (one-hour) 
capacity,  to  the  corresponding  maximum  observable  temperature 
rise  during  a  one  hour  test  starting  at  ambient  temperature. 

1112  (e)  Consider  any  period  of  peak  load  and  determine  the  electrical 
losses  in  kilowatt-hours  during  that  period  from  the  electrical  effi- 
ciency curve.  Find  the  excess  of  the  above  losses  over  the 
losses  with  r.m.s.  service  current  and  equivalent  voltage.  The 
excess  loss,  divided  by  the  co-efficient  of  thermal  capacity,  will  equal 
the  extra  temperature  rise  due  to  the  peak  load.  This  temperature 
rise  added  to  that  due  to  the  r.m.s.  service  current,  and  equiv- 
alent voltage,  gives  the  total  temperature  ride.  If  the  total 
temperature  rise  in  any  such  period  exceeds  the  safe  limit,  the 
motor  is  not  sufficiently  powerful  for  the  service. 

1118  (f)  If  the  temperature  reached,  due  to  the  peak  loads,  does  not 
exceed  the  safe  limit,  the  motor  may  yet  be  unsuitable  for  the  service* 
as  the  peak  loads  may  cause  excessive  sparking  and  dangerous  me- 
chanical stresses.  It  is,  therefore,  necessary  to  compare  the  peak 
loads  with  the  short-period  overload  capacity.  If  the  peaks  are  also 
within  the  capacity  of  the  motor,  it  may  be  considered  suitable  for  the 
given  duty  cycle. 
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APPENDEC  in. 

BIBLIOGRAPHY  OF  LITBRATURB   RBLATINO   TO   BLBCTRICAL 
BITOINBBRINO  STANDARDIZATION 

Engineering  Manual  of  the  American  Electric  Railway  Engi- 
neering Association. 

Standardization  Rules  of  the  Electric  Power  Club. 

Report  of  the  Committee  on  Standardization  of  the  Institute  of 
Radio  Engineers. 

National  Electric  Code. 

Meter  Code — Code  for  Electricity  Meters  of  the  A.  E.  I.  C.  and 
N.  E.  L.  A. 

Standardization  Reports  of  the  Association  of  Railway  Electrical 
Engineers. 

Publications  of  American  Society  for  Testing  Materials. 
The  U.  S.  Bureau  of  Standards*  various  publications  including  Cir- 
culars 15,  22,  23,  29,  31,  34,  and  37. 

Reports  of  Committee  on  Nomenclature  and  Standards  of  Illumi* 
nating  Engineering  Society. 

National  Electric  Light  Association. 

American  Institute  of  Electrical  Engineers,  Specifications. 

FOREIGN  PUBLICATIONS. 

Publications  of  the  Engineering  Standards  Committee  of  Great 
Britain. 

Institution  of  Electrical  Engineers,  London.  Wiring  Rules  and 
other  publications. 

Verband   Deutscher   Elektrotechniker. 

British  Electrical  and  Allied  Manufacturers'  Association,  Reports 
ef  the 

INTERNATIONAL   PUBLICATIONS. 

Publications  of  the  International  Electro  technical  Commission, 
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Abbreviations 90.    895 

Acceleration  Due  to  Gravity.  Symbol 

and  Abbreviation 90 

Acoustic  Resonance  Device,  defined . .  1000 
Active  Component  of  Current  or  Volt^ 

age 21 

Acyclic  Machine,  defined 141 

Adjustable-Speed  Motors 153 

Adjustable-Speed  Motors,  defined 153 

Adjustable    Varying    Speed     Motors, 

defined 154 

Admittance.  Symbols 90 

A.  I.  E.  B.  Rating 264 

Air-Blast  Transformers,   Temperature 

Correction 321 

Air- Density  Correction  for  Sphere- Gap  541 
Alternating-Current  Apparatus,  Effi- 
ciency of 430 

Alternating-Current  Calculations 12 

Alternating- Current     Commutating 

Machines 131 

Alternating   Current,    Convention   for 

Vectors 20 

Alternating  Cttrrent,  Damped 1008 

Alternating  Current,  defined  4.12. 1012,1013 

Alternating  Current.  Forced 1012 

Alternating  Current,  Free 1013 

Alternator,  defined 184,    135 

Alternator,  Inductor,  defined 136 

Alternator,  Polyphase,  defined 136 

Alternators.  Expression  of  Rating 275 

Alternators,  Variation  in 66,        67 

Altitude,  correction  for 308 

Ambient  Temperature 303 

Ambient  Temperature,  deviation  from, 

320,    321 

Ambient   Temperature   for    Machines 

partly  below  floor  line 319 

Ambient  Temperature  for  Testing ....  307 
Ambient    Temperature   from   an    Idle 

Unit 318 

Ambient   Temperature,    Measurement 

of 314.    315 

Ambient  Temperature  of  Reference  for 

Air 305 

Ambient  Temperature  of  Reference  for 

Water 309 

Ambient  Temperature,  Rotating  Ma- 
chines, Forced  Draft 311 

Ambient    Temperatures    upon    which 

Permissible  Rises  are  Based 306 

American  Wire  Gage 652 


SBCnON 

Ammeter 226 

Amortisseur  Windings,  temperature  of  388 
Angular  Displacement  of  e.  m.  fs.  be- 
tween transformers 610 

Angular  Velocity 9 

Angular  Velocity,  Symbol 90 

Annealed  Copper  Standard 675 

Antenna,  defined 1001 

Anti-inductive  Load 25 

Apparatus  Cable  Stranding 666 

Apparent  Power 27 

Arc  Machines 130 

Arresters,  Lightning 733,    735 

Assurance,  Factor  of 681 

Atmospheric  Absorption,  defined 1002 

Attenuation.  (Radio)  Coefficient  oC...1032 

Attenuation  Constant,  defined 921 

Attenuation,  Radio 1031 

Audio  Frequencies,  defined 1008 

Automobile  Apparatus,   Test  Voltage  606 
Automobile  Motor  and  Generator  Ra- 
ting  835.  836.  837,  838.  839 

Auto-Transformer,  defined 209 

Auto  Transformer,  Voltage  Test 503 

Auxiliary  Apparatus,  Losses  in 457 

Auxiliary  Machine.  Expression  of  Ra- 
ting    277 

Available  Output 26i 


B 


106 


Balancer 

Barometric  Pressure  for  Institute  Ra- 
ting  265 

Bearing  Friction  and  Windage,  deter- 
mination of 450 

Bell-Ringing  Apparatus.   Test  Voltage  505 
Bibliography  on  Standardisation. 

Appendix  III 

Blower  Losses 456 

Blowout  Coils,  Temperature  Rises 731 

Booster 108 

Bracket  Systems 785 

Breakers.  Circuit 724.    728 

Bridge  Systems 786 

Brightness,  defined 861 

Brightness,  expressed  in  Lamberto M5 

Brightness,  Normal,  defined 862 

Brown  and  Sharpe  Gage 658 

Brush  Contact  Loss  440,  442.  443,  444.  454. 

819 

Brush  Friction  at  Commutator  and  Col- 
lector Rings 451«  817 

Brush  Holders.  Temperature  of »  888 
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Brushes,  Temperature  of 302 

By-Laws  of  Standards  Committee . .  Page  10 


Cable,  Breakdown  Tests  of 686 

Cable.  Concentric.  N -Conductor,  de- 
fined   646 

Cable,  Concentric- Lay,  defined 643 

Cable,  defined 638 

Cable,  Duplex,  defined 647 

Cable,  N-Conductor.  defined 645 

Cable.  Rope-Lay.  defined 644 

Cable  Stranding  653.    664.    655,    656.  657 

Cable,  Triplex,  defined 649 

Cable.  Twin,  defined 648 

Cables.  CapaciUnce  694.  695,  696.  697,  698, 

699 

Cables,  Capacitance  of  Electric  Light 

and  Power 698 

Cables.  Electrical  TesU  of 678 

Cables.  Factor  of  Assurance 681 

Cables.  Heating  of 677 

Cables,  Immersion  for  Testing 679 

Cables,  Insulation  Resistance  of  688  to  693 

Cables,  Insulation  Resistance  Tests  of.  692 

Cables,  Lengths  for  Test 678 

Cables,  Measurement  of  Capacitance  of  696 
Cables,  Multiple  Conductor.  Capacity 

of 699 

Cables.  Multiple  Conductor.  Insulation 

Tests  of 693 

Cables,  Multiple  Conductor,  Tests  of..  687 

Cables,  Paired,  Capacitance 697 

Cables.  Safe  Limiting  Temperature  of.  677 

Cables.  Sectional  Area  of 654 

Cables.  Test  Voltage 682,    683.  684 

Cables.  Test  Voltage  and  Prequencv 

683.  685 

Candle,  defined 855 

Candle  Power 856 

Capacitance,  defined 80 

Capacitance,  Measurement  of 696 

Capacitance  of  Cables  .  .694.  695.  696,  697, 

698,  699 

Capacitance,  Symbols 90 

Capacitive  Coupler,  defined 1004 

Capacity,  defined 80.  252,  261 

Capacity  Distinguished  from  Rating . .  262 

Capacity  of  Electrical  Machines . .  261.  800 

Cascade  Converter Ill 

Catenary,  Compound 781 

Catenaiy,  Simple 781 

Catenary  Suspension 781 

Center  Contact  Rail 770 

Characteristic     Curve     of     Luminous 

Sources 877 

Characteristic     Curves     of     Railway 

Motors 810,811.  812 

Characteristic  Impedance,  defined 918 

Choke  Coils,  defined 214 

Circuit  Breakers,  definition 724 

Circuit  Breakers,  Performance  and  Test  726 


SBCTION 

Circuit  Breakers,  Rating  of 725 

Circuit,  Composited,  defined 938 

Circuit,  Ground  Returns,  defined 930 

Circuit.  Metallic,  defined 931 

Circuit,  Phantom,  defined 934 

Circuit,  Simplexed.   defined 937 

Circuit.  Superposed,  defined 933 

Circuits  for  Telephony  and  Telegraphy. 

definition 930  to  938 

Circular  Inch 652 

Classification  of  Losses  in  Machinery.   435 

Classification  of  Machinery 100 

Classification  ot  Machines  for  Enclosure  160 
Coefficient  of  Coupling,  Inductive ....  1005 
Coefficient  of  Coupling  of  a  Transfor- 
mer   962 

Coefficient  of  Reflection 866,    868 

Coil  Loading 954 

Collector  Rings  and  Commutator,  De- 
termination of  Brush  Friction  of...  450 

Collector  Rings,  Temperature  of 389 

Commutating  Machines,  defined 

130.  131.    132 

Commutating  Machines,  A-C, Losses  of  443 
Commutating  Machines,  Losses.. 440.    443 

Commutation  requirements 402 

Commutator  and  Collector  Rings.  De- 
termination of  Brush  Friction  of.   450 

Commutators.  Temperature  of 390 

Comparison.  Lamp,  defined 874 

Compensator,  Direct  Current 106 

Compensator,     Line- Drop    Voltmeter,' 

defined 230 

Components  of  Current 21,      22 

Composited  Circuit 938 

Concentric- Lay  Cable,  defined 643 

Concentric  Strand,  defined 642 

Condensive  Load 25 

Conductance.  Symbol 90 

Conductivity  of  Copper 675 

Conductivity,  Symbol 90 

Conductor  and  Rail  Systems 766 

Conductor.  Contact 766 

Conductor,  defined 636 

Conductor,  Stranded,  defined 637 

Conductors.  Sizes  of 652 

Connected  Load 61 

Connections  of  Transformers 600  to  608 

Constant-Current    Machines.    Regula- 
tion of 663 

Constant-Potential  Machinery,  Losses 

in 433 

Constant-Potential  Transformer,  Rated 

Current,  defined 203 

ConsUnt-Speed   D-C.  Motor,  Regula- 
tion of , 564 

Constant>Speed  Motors 151 

Contact  Conductors 766 

Contact  Rail,  Center,  defined 770 

Contact  Rail,  defined 767 

Contact  Rail,  Gage 772 

Contact  Rail.  Overhead,  defined ^<^68  t 
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ConUct  Rail  Protection,  defined 776 

Contact  Rail.  Underground,  defined. . .  771 
Contact  Voltage  Regulators,  defined....  211 

Continuous  Current,  defined 3 

Continuous  Loading 95.S 

Continuous  Rating 281.  287.  288 

Continuous  Rating.  Automobile  Motont  835 
Continuous  Rating.  Railway  Motors . .  802 
Control  Apparatus.  Dielectric  TesU . .   500 

Conventional  Efficiency,  defined 423 

Converter 108 

Converter.  Cascade HI 

Converter,  Direct  Current 109 

Converter,  Frequency 112 

Converter,  Regulation,  defined 566 

Converter,  Synchronous IIO 

Copper,  Conductivity  of 075 

Copper   Constant    Mass   Temperature 

Coefficient 675 

Copper  Loss.  Railway  Motors 810 

Copper.  Temperature  Coefficient  of . . .   349 

Copper  Wire  Tables 676 

Cord,  defined 641 

Core  Loss  at  No  Load 452.  818.  HOI 

Core  Loss.  Induction   Motors,   Deter- 
mination of 452 

Core  Loss.  Railway  Motors.  Determin- 
ation of 818.  1101 

Core    Loss.     Synchronous     Machines. 

Determination  of 452 

Core  Losses  due  to  Increased  Excitation  434 

Cores,  Temperatures  of 391 

Corrections  for  Deviation  of  Ambient 

Temperature 320.    321 

Correction  for  Lay 650 

Counter-clockwise  Convention 20 

Counterpoise,    in    Radio    Telegraphy, 

defined 1007 

Coupler  (Radio),  defined 1016.  1033 

Coupling  Coefficient 962 

Crest  Voltage  Meter 227 

Crest  Factor 15 

Critical  ResisUnce.  defined 1014 

Cross-Span  Systems 783 

Cross-Span  Systems.  Messenger 784 

Current.  Alternating,  defined 3,      12 

Current,  Capacity,  defined 80 

Current.  Continuous,  defined 4 

Current,  Direct,  defined 1 

Current.  Oscillating,  defined 5 

Current.  Pulsating,  defined 2 

Current  Ratio  of  Transformer 206 

Current,  Symbols 90 

Current  Transformer,  defined 741 

Current  Transformer.  Tests 600 

Cycle 6 

Cycle  of  Duty 284 

D 

Damped  Alternating  Current,  defined .  1008 

Damping 911,  1008 

Damping  Constant 912 


SKCnON 

Damping  Factor,  defined 1009 

Decrement.  Logarithmic,  defined 1018 

Decremeter.  defined 1030 

Definitions lto83 

Degree,  Electrical,  defined 7 

Degree.  Magnetic,  defined 54 

Demand 57 

Demand  Factor 50 

Demand,  Maximum 58 

Demand  Meter,  defined 232.  233.    334 

Detector,  defined 1010 

Dielectric  Constant.  Symbols 90 

Dielectric  Strength  Test  Voltage 

484.  485.  485a.  486 

Dielectric  Strength  Tests,  Condition  of 

Machinery 481 

Dielectric   Strength    Tests.    Points   of 

Application  of  Voltage 482,    483 

Dielectric  Tests  of  Cables 680 

Dielectric  Tests  of  Circuit  Breakers.  . .   727 

Dielectric  Tests  of  Machines 480 

Dielectric  Tests  of  Machines.  Voltage 

Measurements 530 

Dielectric  Teste  of  Protective  Reactors  739 

Dielectric  Tests  of  Switches 723 

Direct  Coupler 1006 

Direct-Current  Commutating  Machines  130 

Direct-Current  Compensator 106 

Direct- Current  Converter 109 

Direct-Current,  defined 1 

Direct-Current  Generators.  Expression 

of  Rating 274 

Direct-Current  Machines.  Losses  of .  . .  440 

Direct  Suspension 780 

Distortion  factor 17 

Distribution    Feeders,    Regulation    of, 

defined 567 

Distribution  System,  defined 761 

Diversity  Factor. 60 

Double- Current  Generator 107 

Drip-proof  Machine 168 

Drop.  Impedance 52 

Drop,  Per  cent    50 

Drop.  Per  cent,  in  Induction  Motors. .     54 

Drop,  Per  cent,  in  Transformers 53 

Drop,  Reactance 51 

Drop,  Resistance 50 

Duplex  Cable 647 

Duration  of  Heat  Run 322.  .323.    324 

Duty-Cycle,  Equivalent  TesU 285.    836 

Duty-Cycle  Machines,  Rating  of 403 

Duty-Cycle  Operation 284 

Dynamotor 105 

E 

Effective  Value 10 

Efficiency  and  Losses 420 

Efficiency  as  Affected  by  Wave-Shape.   431 
Effi  iency.    Alternators  and    Transfor- 
mers, defined 430 

Efficiency.    Automobile     Motors    and 

Generators >r^>. t.  .   839 


ors .^ J. .   \ 
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Efficiency,  Conventional,  defined 423 

Efficiency,  defined 83 

Efficiency  Determination 423.    426 

Efficiency.  Directly  Measured 425 

Efficiency,  Measurement  of 428 

Efficiency,  Normal  Conditions 427 

Efficiency,  Plant 421 

Efficiency,  Railway  Motors  815  to  820.  1100 

Efficiency.  Symbol 90 

Efficiency,  Temperature  of  Reference. .   432 

Electric  Locomotives 830 

Electric  Railways.  Standards  for 760 

Electrical  Degree 7 

Electro- Magnetic  Wave,  defined 1011 

Electromotive  Force,  Symbols 90 

Electrostatic  Field  Intensity.  Symbol.     90 
Electrostatic  Flux  Density,  Symbol.  . .     90 

Electrostatic  Flux,  Symbol 90 

Embedded     Temperature     Detector 

Method 352 

Enclosed  Machine 164 

Enclosed  Machine),  Temperatures. .  .  .386a 

Equivalent  Circuit 913.  914,    915 

Equivalent  Phase  Difference 29 

Equivalent  Sine  Wave 18 

Equivalent  Tests. Standard  Duration  of  285 
Errors  of  Indicating  Instruments,  de- 
fined    235 

Excitation  for  Regulation  Test 583 

Explosion- Proof  Machine 171 

Explosion- Proof  Slip-Ring  Enclosure.  .    172 
Exposure 859 

F 

Factor  of  Assurance,  defined 681 

Field-Control  Motors.  Rating  of 806 

Field-Rheostat  Loss 455 

Field   Windings   of   A-C.    Generators. 

Test  Voltage 506 

Field   Win  lings  of  Synchnmotis    Ma- 
chines, Test  Voltage 507 

Flexibly- Cable  Stranding 655 

Fluctuation,  defined 569 

Forced  Alternating  Current 1012 

Form  Factor,  defined 16 

Free  Alternating  Current 1013 

Frequencies.  Radio 1019 

Frequency,  defined 9 

Frequency  Converter 112 

Frequency,  Group,  defined 1015 

Frequency     of     Testing     Voltage     for 

Cables 685 

Frequency  of  Testing  Voltage  for  Ma- 
chines   484 

Frequency.  Symbol  and  Abbreviation..  90 

Friction  and  Windage.  Railway  Motors  817 
Friction,  Bearing  and  Windage  Losses. 

determination  of 450 

Fuses,  definition 729 

Fuses.  Rating  of 730 

Fuses,  Temperature  of 731 

Fuses,  Test  of 732 


G  SECTION 

Gage  of  Third  Rail 772 

Gages  for  Wires 652 

Gearing.  Losses  in 820,  1100 

Generator 101 

Generator,  D-C,  Acyclic 144 

Generator.  D-C.  Unipolar 141 

Generator,  Double  Current 107 

Generator,  Induction,  defined 140 

Generators,  A-C,  Regulation  of.  Tests. 

Computations 684.  685.  686.   687 

Generators,  Enclosed.  Temperatures  of  386a 
Generators.  Regulation  of,  defined 

661,    562 

Globe,  defined 894 

Graded  Insulation  for  Transformers. .  612 
Gravity.  Acceleration  due  to,  Symbol 

and  Abbreviation 90 

Ground-Return  Circuit 930 

Group  Frequency,  defined 1015 


Heat  Run.  Duration  of 322.  323,    324 

Heat  Run,  Measurements  during 326 

Heating  and  Temperature 300 

High   Temperature    Operation.    Econ- 
omy of 301 

High- Voltage  Winding 202 

Horse  Power  in  Term5  of  Kilowatts. . .   276 

Hottest  Spot  Correction 346.  348,    356 

Hottest  Spot  Temperature  Table 379 

Household  Devices.  Test  Voltage 504 

Hydraulic  Turbine.  Regulation  of,  de- 
fined    570 


Idle  Unit  Ambient  Temperature 318 

I.  E.  C  Rating 264 

Illuminants.  Rating  and  Output. . .  886.  887 

Illumination 864 

Illumination  and  Photometry ...  850 

Illumination,  Unit  of 858 

Immersion  of  Cables  for  Testing 679 

Impedance,  Characteristic 918 

Impedance  Drop.  Per  cent 52 

Impedance.  Mutual 916 

Impedance.  Self 917 

Impedance.  Sending-End 919 

Impedance,  Symbols 90 

Incandescent  Lamps.  Rating  of 886 

Indeterminable  Load  Losses 440 

Inductance.  Symbol 90 

Induction  Apparatus.  Stationary,  de- 
fined   200 

Induction  Generator,  defined 140 

Induction  Machines 138 

Induction  Machines,  Losses  of 442 

Induction  Machines.  Stray  Load  Losses 

of 469 

Induction  Motor,  defined 139 

Induction  Motor  Core  Loss,  Determina- 
tion of 452 

Induction  Motor  Rotor  Loss 460 
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Induction     Motor     with     Explosion- 
Proof  Slip-Ring  Enclosure 172 

Induction  Motors,  Drop 54 

Induction  Motors,  Phase  Wound,  Volt- 
age Tests 608 

Induction  Voltage  Regulators,  defined,  212 

Inductive  Coupler,  defined 1010 

Inductive  Load,  defined 26 

Inductor  Alternator 136 

Information  on  Rating  Plate 620 

In-Pfaase    Component   of    Current   or 

Voltage 21 

Instrument  Transformers 741 

Instrument  Transformers,  defined 741 

Instruments.  Dielectric  Tests 510a 

Instruments,  Indicating,  Errors  of 235 

Instruments,  Torque  of.  defined 236 

Insulation  Affected  by  Temperature.. .  301 
Insulation,  Economical  Short  Life, ....  804 

Insulation.  Life  of 340 

Insulation  Resistance  of  Cables.  .688  to  693 
Insulation  Resistance  of  Machinery . .  550 
Insulation     Resistance    of     Machines 

Significance 551 

Intensity  of  Illumination 853 

Intensity  of  Magnetization,  Symbol. . .  90 
Interconnected    Polyphase    Windings, 

Voltage  Test 483 

Integrated- Demand  Meter,  defined... .   233 
Internal  Combustion  Engines.  Regula- 
tion of,  defined 568 

I*R  Loss,  Polyphase  Induction  Motors    460 

K 

K,  Constant  for  Cable 691,  695 

Kilo  volt- Ampere  Rating 275 

Kilowatt  Rating 274.  276 

Kinds  of  Rating 281 

L 

Lag 19 

Lagged- Demand  Meter,  defined 234 

Lambert,  defined 863 

Lamp,  defined 869 

Lamp  Accessories 892 

Lamp,  Characteristic  Curve,  defined . .  877 
Lamp.  Horisontal  Distribution  Curve, 

defined 878 

Lamp.  Life  Tests 890 

Lamp.    Mean   Hemispherical    Candle- 

Power  defined 882 

Lamp,  Mean  Horizontal  Candle-Power. 

defined 880 

Lamp,  Mean  Spherical  Candle-Power. 

defined 881 

Lamp,  Mean  Zonal  Candle-Power,  de- 
fined   883 

Lamp.  Performance  Curve,  defined ....  876 

Lamp,  Specific  Consumption,  defined . .  889 

Lamp.  Specific  Output,  Expression  of . .  888 
Limo.  Spherical  Reduction  Factor,  de- 

:nei  884 
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Lamp.  Vertical  Distribution  Curve,  de- 
fined   879 

Lamps,  Comparison  of 891 

Lay,  Correction  for 656 

Lay  of  Strands 657 

Lead 19 

Leads  of  Transformers.  Marking  of..  600 
Life  of  Insulation  Affected  by  Tempera- 
ture   301 

Life  of  Insulation  of  a  Machine 340 

Life  Tests  of  Lamps 800 

Lightning  Arresters  Definition 733 

Lightning  Arresters,  Performance  and 

Test 735 

Lightning  Arresters.  Rating  of 734 

Limitations.  Approved 200 

Limitations  of  Temperature  Affecting 

Capacity 300 

Line   Characteristics.    Telephony  and 

Telegraphy 918 

Line  Circuits,  Telephone  and  Telegraph 

930  to  939 

Line- Drop  Voltmeter  Compensator. . . .  230 

Linear  Capacitance 604 

Linear  Decrement,  defined 1017 

Linear  Insulation  Resistance 690 

Literature  on  Standardization, 

Appendix  III. 

Load,  Anti-Inductive 25 

Load,  Condensive 25 

Load,  Connected 61 

Load  Factor 55 

Load.  Inductive 25 

Load.  Maximum 262 

Load.  Non-Inductive 25 

Loaded  Line 950 

Loading  of  Telephone  Lines 950  to  954 

Loading  Transformers 393.  to  397 

Loads,      Momentary,       Continuously 

Rated   Machines 402 

Loads.  Momentary,  Railway  Motors. . .  803 
Loads,    Momentary,  Railway  Substa* 

tion  Machinery 764 

Locomotive  Speed 834 

Locomotives,  Continuous  Tractive  Ef- 
fort  833 

Locomotives,  Electric 830  to  834 

Locomotives  for  Intermittent  Service,. .  833 
Locomotives.  Normal  Tractive  Effort,  832 

Locomotives.  Rating 830 

Locomotives,  Weight  on  Drivers, 831 

Logarithmic  Decrement,  defined 1018 

Loss  Brush-ConUct 454 

Losses.  Bearing  Friction  and  Windage. 

Determination  of 450 

Losses,  Brush  Friction.  Determination 

of 451 

Losses.  Classification  of 435 

Losses,  A-C.  Commutating  Machines.  443 
Losses,  D-C.  Commutating  Machines,  440 

Losses  due  to  Ventilating  Blower, 456 

Losses,  Evaluation  of . . . .  .>r^ ^  436 
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Losses  in  Auxiliary  Apparatus 457 

Losses  in  Constant  Potential  Ma- 
chinery   433 

Losses  in  Field  RheostaU 455 

Losses  in  Railway  Motors, . .  816  to  820. 1100 

Losses  in  Transformers 470.  471 

Losses.  Indeterminable 440 

Losses.  Indeterminate 426 

Losses.  Induction  Machines 442 

Losses,  Stray  Load 434 

Losses.  Synchronous  Converters, 444 

Losses,  Synchronous  Machines 441 

Losses.  Table  of 435 

Losses.  Transformers 445 

Low  Temperature  Ox>eration,  Useless- 

ness  of 301 

Low-Voltage  Winding 202 

Lumen 857 

Luminous  Plux 850.  857 

Luminous  Flux,  Unit  of 858 

Luminous  Intensity 853 

Luminous  Sources,  Comparison  of. ... .  891 

Luminous  Standard.  Primary 870 

Luminous  Standard.  Representative.  ..871 

Luminous  Standards 870  to  873 

Lux 858 

M 

Machine  Classification  by  Enclosure  or 

Protection 160 

Machine  Classification  by  Speed 150 

Machine.  Drip-Proof,  defined 108 

Machine  Efficiency 420.  422 

Machine,  Enclosed,  defined 164 

Machine.  Explosion  Proof,  defined 171 

Machine,  Moisture  Resisting,  defined . .  169 

Machine,  Open,  defined 161 

Machine  Protected,  defined 162 

Machine  Rating,  defined 262 

Machine  Rating.  Principle  of 263 

Machine,  Self- Ventilated,  defined 167 

Machine,  Semi-Enclosed,  defined 163 

Machine,     Separately  Ventilated,   de- 
fined   165 

Machine.  Submersible,  defined 170 

Macnine,  Water-Cooled.  defined 166 

Machine    with    Explosion-Proof    Slip- 
Ring  Enclosure,  defined 172 

Machinery  Cooled  by  Ventilating  Air 

from  Distance 3Q4 

Machinery,  defined 250 

Machinery  Exposed  to  Sun's  Rays 313 

Machinery  for  High  Ambient  Tempera- 
tures   267 

Machines,  defined 250 

Machines,  Duty-Cycle  Rating  of 403 

Machines  not  Cooled  by  Air  or  Water . .  312 
Machines  Partly  Below  Floor  Line  Am-, 

bient  Temperature 319 

Machines,  Synchronous.  Determination 

of  Core  Loss  of 452 

Magnetic  Degree 64 


SECTION 

Magnetic  Field  Intensity.  Symbols  and 

Abbreviation 90 

Magnetic  Flux.  Symbols 90 

Magnetic  Flux  Density.  Symbols 90 

Magneto  VolUge  Regulators,  defined.  213 

Magnetomotive  Force.  Symbol 90 

Marked  Ratio  of  Instrument  Transfor- 
mer    207 

Mass  Resistivity,  defined 075 

Mass,  Symbol  and  Abbreviation 90 

Maximum  Demand 58 

Maximum  Equipment  Line,  defined. . .   768 

Maximum  Load 262 

Mean  Hemispherical  Candle- Power . . .  882 

Mean  Horizontal  Candle-Power 880 

Mean  Spherical  Candle-Power 881 

Mean  Zonal  Candle-Power 883 

Measurement  of  Ambient  Temperature 

314.  315 

Mechanical  Degree 64 

Mechanical  Power.  Where  Measured . .  429 

Mechanical  Work.  Symbol 90 

Megohms 689 

Megohms  Constant 691 

Messenger  Suspension 781 

Messenger  Wire  or  Cable 778 

Metallic  Circuits 931 

Meter,  Demand,  defined 232 

Meter,  Power-Factor,  defined 226 

Meter,  Reactive-Factor,  defined 226 

Meter.  Watthour,  defined 226 

Meters,  defined 225 

Meters,  Dielectric  Tests. 610A 

Meters.  Torque  of,  defined 230 

Microfarads.  Constant 695 

Microphone,  defined 955 

Millilambert 864 

MilUphot 858 

Moisture- Resisting  Machine 160 

Momentary    Loads.     Continuously. . . 

Rated  Machines 402 

Momentary  Loads.  Railway  Motors, . .  803 
Momentary    Loads.    Railway   Substa- 
tion Machinery 764 

Motor 102 

Motor,   Automobile    Propulsion.    Ra- 
ting  835.  836.  837 

Motor-Booster 103 

Motor-Converter Ill 

Motor- Genera  tor 104 

Motor,  Induction,  defined 139 

Motor,  Synchronous,  defined 137 

Motor- Vehicle  Ratings 

835,  836.  837,  838,  839  • 

Motors,  A-C,  Commutating,  Classifica- 
tion     131 

Motors.  Adjustable  Speed,  defined 15S 

Motors,  Adjustable  Varying  Speed,  de- 
fined     154 

Motors,  Constant  Speed,  defined 151 

Motors,  Enclosed,  Temperature  of 386A 

Motors.  Expression  of  Rating 276,  802 
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Motors.  Field  Control,  Rating  of 806 

Motors,   Induction,   Determination  of 

Core  Loss  of 462 

Motors.  Multispeed,  defined 152 

Motors.  Railway,  Characteristic  Curve 

810.811,812 

Motors.    Railway,    Determination  of 

Core  Loss  of 

Motors.  Railway,  Efficiency 

816.  to  820, 1100 

Motors.  Railway,  Maximum  Input  of    803 

Motors,  Railway.  Rating  of 800  to  802 

Motors.  Railway,  Selection  of 1102 

Motors.  Railway,  Service  Capacity . . . 

1103  to  1113 

Motors.  Railway,  Stand- Test  Temper- 
ature Rises 806 

Motors.  Speed  classification  of 160 

Motors.  Speed  Regulators 604 

Motors.  Stalling  Torque  of 404 

Motors.  Varying-Speed.  defined 164 

Multiple-Conductor  Cable 646,    646 

Multiple-Conductor    Cables.    Capaci- 

Uncc 699 

Multiple-Conductor  Cables,  Tests 687 

Multi-Speed  Motors 162 

Mutual  Impedance 916 

Mutual  Inductance.  Symbol 90 


N-Conductor  Cable 646 

Needle-Point  Spark-Over  Voltages 637 

Nominal  Rating 283 

Nominal   Rating.   Automobile    Motors 

and  Generators 837 

Nominal  Rating.  Railway  Motors 800 

Nominal  Rating.  Railway  Substation 

Machinery 765 

Non-inductive  Load 26 

Non-Phantomed  Circuit 936 

Non-Sinusoidal  Quantities 14 

Normal  Brightness,  defined 862 

NoUtion 90.  806 

Number    of     Conductors    or     Turns. 

Symbol 90 


Object  of  Standardisation 260 

Oil-Cup 316 

Oil  Temperatures 385 

Open  Machine 161 

Oscillating  Current 6 

Outdoor  Machinery  Exposed  to  Sun's 

Rays 313 

Output.  Available 261 

Output.  Rated,  defined 262 

Over  Speeds 399  to  401 

Overhead  Construction 779 

Overhead  Contact  Rail 768 
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Pads  for  Thermometers 317 

Pair.  Twisted,  defined ^. . .  660 

Paired  Cables 697 

Paper  Impregnated,  Working  Temper- 
ature. . .  •. 677 

Peak  Factor 15 

Per  cent  Drop 50 

Percentage  Saturation 63 

Performance  Curve,  Lamp 876 

Period 8 

Permeability,  Symbol 90 

Phantom  Circuit 934 

Phantomed  Cable 939 

Phase 13 

Phase  Advancer 114,    115 

Phase  Converter 113 

Phase  Difference 19 

Phase  Difference,  Equivalent 29 

Phase  Displacement.   Symbols 90 

Phase-Modifier 114 

Phase.  Single 30 

Phase.  Six ^  33 

Phase,  Three 31 

Phase- Wound  Rotors.  Dielectric  TesU,  508 

Phot 858 

Photometric  Tests 885 

Photometic  Units  and  Abbreviations     895 

ri  Equivalent  Circuit 915 

Plant  Efficiency,  defined 421 

Plant  Factor,  defined 56 

Plate,  Rating 620  to  622 

Pole  Tips,  Temperature  of 392 

Polyphase  Alternator,  defined 135 

Polyphase,  defined 34 

Polyphase  Induction  Motor.  I>R  Loss.  460 

Potential  Difference.  Symbols 90 

Potential  Transformer,  defined 741 

Power  Apparent 27 

Power  Capacity 80 

Power-Factor 28 

Power-Factor  Meter,  defined 226 

Power  in  A-C.  Circuits 26 

Power.  Symbols 90 

Primary  Luminous  Standard 870 

Primary  Winding 202 

Prime  Movers,  Fluctuation  of 65,    569 

Prime  Movers.  Pulsation  in 68 

Prime  Movers.  Regulation  of 568 

Prime  Movers,  Variation  in 65 

Propagation  Constant,  defined 920 

Protected  Machine 162 

Protection  of  Thermometers 317 

Protective  Reactors,  definition 736 

Protective  Reactors,  Performance  and 

Tests 738 

Protective  Reactors.  Rating 737 

Publications  on  Standardisation, 

Appendix  III . 

Pulsating  Current  Defined 2 

Pulsation 6g 

Putty  for  Thermometers^,,^ .,. ,  317 
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Ouadded  Cable 939 

Quadrature  Component  of  Current  or 

Voltage 22 

Quantity  of  Electricity.  Symbols 90 

Quarter-Phase 32 

R 

Radiation,  Sustained,  defined 1026 

Radio  Communication.  Standards  for 

1000  ta  1033 

Radio  Frequencies 1019 

Rail,  Contact. 767 

Rail.  Third 769 

Railway  Motor.  Selection  of ...  1102  to  1113 
Railway  Motor.  Stand  Tests  of... 8 15.  1103 

Railway  Motors 415.  800  to  820 

Railway  Motors.  Capacity  and  Require- 
ments of 1106 

Railway  Motors.  Characteristic  Curves 

of 810 

Railway  Motors.  Continuous  Rating  of  802 
Railway    Motors.     Determination    of 

Core  Lossof.t 817.  818.  1101 

Railway  Moton.  Efficiency  fiqd  Losses 

of ...!...  .815,  1100 

Railway  Motors.  Field  Control.  Rating 

of 806 

Railway  Motors,  Friction  and  Windage  817 
Railway  Motors.  Maximum  Input  of . .  803 
Railway  Motors,  Temperature  Limita-      ** 

tions  of 804 

Railway  Motors.  Temperature  Rise  in 

Service  Compared  to  Stond  Test.  1104 
Rated  Current  of    Constant- Potential 

Transformer 203 

Rated  Output,  defined 262 

Rating,  A.  I.  E,  E 264 

Rating,  Circuit  Breakers 725 

Rating,  Continuous 281 

Rating,      Continuous,      Automobile 

Motors 835 

Rating.  Continuous,  Railway  Motors  802 
Rating  Distinguished  from  Capacity.. .  262 
Rating,    Expression    of,    in    Kilovolt- 

Amperes 275 

Rating.  Expression  of  in  Kilowatts .  274.  276 

Rating.  Fuses 730 

Rating.  I.  E.  C 264 

Rating,  Locomotives 830 

Rating.  Nominal 283 

Rating  of  Duty  Cycle  Machines 403 

Rating  of  Electrical  Machines,  defined  262 
Rating    of     Field     Control     Railway 

Motors 806 

Rating  of  Incandescent  Lamps 886 

Rating  of    Motors,    Expression   of.   in 

Kilowatts 276 

Rating  Plate.  Information  on . . .  620  to  622 

Rating.  Principle  of 263 

Rating,  Short- Time 282 

Rating,        Short«Time,       Automobile 

Moton •. 836 
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Rating,  Short  Time.  Railway  Motors.   800 

Rating,  Switches 722 

Ratio,  Current,  defined 206 

Ratio,  Marked,  defined 207 

Ratio  of  Transformer 204 

Ratio,  Voltage,  defined 206 

Ratio,  Volt-Ampere,  defined 208 

Reactance.  Coils,  defined 214 

Reactance  Drop,  per  cent 51 

Reactance,  Symbols 90 

Reactive    Component    of    Current    or 

Voltage 22 

Reactive  Factor 23 

Reactive- Volt- Ammeter 229 

Reactive- Volt- Ampere  Indicator 229 

Reactive  Volt- Amperes 24 

Reactor,  defined 82,  214.    736 

Reactor  Factor  Meter 226 

Reactor,  Protective 736  to  739 

Receiver.  Telephone,  defined 960 

Recording  Instruments 231 

Reduction  Factor.  Spherical 884 

Reference  SUndard 872 

Reflection  Coefficient 866 

Reflection,  Coefficient  of  Diffuse 868 

Reflection.  Coefficient  of  Regular 867 

Regulation  and  Excitation 583 

Regulation  and  Frequency ,  . .  . .   580 

Regulation  and  Power  Factor 581 

Regulation  and  Wave  Form 582 

Regulation.  Constant-Current  Machined  563 
Reflation,  Constant- Potential  Gener- 
ators    562 

Regulation,  Constant-Potential  Trans- 
formers    565 

Regulation.       Constant-Speed       D-C. 

Machines 664 

Regulation,   Converters,    Dynamotors. 
Motor-Generators  and   Frequency 

Converters 666 

Regulation,  D-C.  Generators 561 

Regulation,  defined 660 

Regulation.  Generator  Unit 571 

Regulation.  Hydraulic  Turbine 570 

Regulation  of  A-C.  Generators  584.  585.  586 
Regulation,  Steam  Engines.  Turbines, 

and  Internal  Combustion  Engines  568 

Regulation  Teste 680 

Regulation,  Transformers 587 

Regulation.  Transmission  Lines.  Feed- 
ers, etc 567 

Regulators,  Voltage,  defined 

210.  211.  212,    213 

Relay,  defined 966 

Reluctance,  Symbol 90 

Repeating  Coil 963 

Representative     Luminous    Standard. 

defined 871 

Resistance  Drop,  per  cent 59 

Resistance.  Insulation,  of  Machines . .   550 
Resistance      Method     of      Measuring 

Temperature 34S.  ^^*0 
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Resistance.  Symbols 90 

Resistivity,  Symbol  and  Abbreviation    00 

Resistor 81,    740 

Resonance 957.  1030 

Resonance  Curve 1024 

Retardation  Coil 968 

Revisions  to  Rules.  Scope  of Page  3 

Rheostat,  definition 740 

Rheostat,  Field,  Losses 4&5 

Root- Mean-Square 10 

Rope-Lay  Cable 644 

Rotary  Phase-Converter 113 

Rotating   Machines.   Classification  by 

Function 101 

Rotating     Machines.     Forced     Draft. 

Ambient  Temperature 311 

Rubber  Insulation.  Maximum  Working 

Temperature 677 

Rupturing  Test,  Circuit  Breakers 728 

s 

Saturation  Factor 62 

Saturation.  Percentage 03 

Secondary  Winding 202 

Self-Impedance 916 

Self- Ventilated  Machine 167 

Semi-Enclosed  Machine 163 

Sending- End  Impedance,  defined ((19 

Separately  Ventilated  Machines 166 

Series  Field  Coils,    Dielectric   Testa. . .  507 

Series  Loaded  Line 951 

Series  Transformers 741 

Shade,  defined 893 

Short-Circuit  Stresses 398 

Short  Time  Rating 282 

Short  Time  Ratings.  Standard  Periods  286 

Short  Time  Tests.  Conditions  for 286 

Shunt- Loaded  Line 962 

Side  Circuit 936 

Simple  Alternating  Current 12 

Simplexed  Circuit 937 

Sine  Wave 11 

Sine  Wave,  as  Standard 406 

Sine  Wave.  Deviation  from 406 

Single-Phase 30 

Sinusoidal  Current 12 

Six-Phase 33 

Skin  Effect 969 

Slip  Rings.  Temperatures  of 389 

Spark-Frequency 1015 

Spark  Gap    for    Machinery    of    High 

Capacitance 532 

Spark  Gap    for     Machinery    of    Low 

Capacitance 631 

Spark  Gap  Measurements 630.    634 

Spark  Gap.  Needle 536 

Spark  Gap.  Range  of  Voltage 636 

Spark  Gap,  Sphere 638 

Sparking  Distance.  Needle 637 

Sparking  Distance,  Sphere  Gap 640 

Special  Temperature  Limits 385 

Specific  Consumption 889 
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Specific  Luminous  Radiation 860 

Specific  Output  of  Lamps 888 

Speed  Classification  of  Motors 160 

Speed  Regulation  of  Machines 660 

Speeds,  Above  Rated 399.  400.    401 

Sphere  Gaps.  Conditions  for  Test 639 A 

Sphere  Gap.  Correction  Factor  for  Air 

Density S41 

Sphere  Spark  Gap 538 

Spherical  Reduction  Factor 884 

Spherometer 530 

Squirrel  Cage  Windings,  Temperature 

of 388 

Stalling  Torque  of  Moton 404 

Stand    Test    Temperatures,    Railway 

Motors 805 

Standard  Duration  of  Equivalent  Tests  286 

Standard  Resonance  Curve 1024 

Standard    Temperature   for    Institute 

Rating 265 

Standard,  Working  (Photometric) 873 

Standardization,  Objects  of 200 

Standards  for  Electrical  Machincflry. . .  250 
Standards  for  Telegraphy  and  Teleph- 
ony  010  to  963 

Stationary  Induction   Apparatus,   de- 
fined   200 

Steam  Engines,  Regulation  of,  defined  668 
Steam  Turbines,  Regulation  of,  defined,  568 

Stimulus  Coefficient 851.  852 

Strand,  Concentric,  defined 642 

Strand,  defined 639 

Stranded  Conductor,  defined 637 

Stranded  Wire,  defined 640 

Stranding.  Apparatus  Cable 655 

Stranding.  Bunched 655 

Stranding.  Flexible 655 

Stranding.  Rope 656 

Stranding.  Rope-Lay,  Symbol  for 655 

Stranding,  Standard 663 

Stray  Load  Losses,  defined 434 

Stray  Load-Losses,   Determination  of 

458.  450 

Submersible  Machine 170 

Substation,  definition 762 

Substation  Machinery  Rating 763 

Superposed  Circuit 933 

Supporting  Systems  for  Trolley  Wires,  782 

Susceptance,  Symbol 90 

Susceptibility,  Symbol 90 

Suspension,  Direct,  for  Trolley 780 

Sustained  Radiation,  defined 1026 

Switehes.  definition 721 

Switehes,  Dielectric  Testa, 609 

Switehes,  Performance  and  Teste  of . . .  72S 

Switches,  Rating  of 722 

Symbols 00 

Symbols.  Photometric 806 

Synchronism  Indicator,  defined 228 

Synchronoscope,  defined 228 

Synchronous  Commutating    Machines  132 

Synchronous  Condenser..  ^<-)>. .j.   115 
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Synchronous  Converter,  defined 110 

Synchronout  Converter*.  Lones  of 444 

Synchronous  Machine  Core  Loes.  De- 
termination of 452 

Sjmchronous  Machines 183 

Synchronous  Machines,  Losses  of 441 

Synchronous     Machines.     Stray  Load 

Losses 468 

Synchronous   Motor,  defined 137 

Synchronous  Phase- Advancer 115 

System  Efficiency,  defined 421 

T 

T  Equivalent  Circuit 914 

Tables  of  Copper  Wire 676 

Telephone  Receiver 960 

Telephone  Transmitter 961 

Telephony  and  Telegraphy 910  to  963 

Temperature.  Ambient 303 

Temperature.  Ambient,  for  Testing. . .  307 
Temperature.  Ambient,  Forced  Draft 

Machines 311 

Temperature,  Ambient,  from  Idle  Unit.  318 
Temperature.  Ambient.   Measurement 

of 314,  315 

Temperature  and  Life  of  Insulations . .  301 
Temperature  Coefficient  of  Copper. . . .  349 
Temperature  Correction  for  Air- Blast   • 

Transformers 321 

Temperature  Detectors 353,  354 

Temperature  Elevations.  Table  of 379 

Temperature,  High.  Conditions  for  Op- 
eration at 301 

Temperature   Limitations   and    Capac- 
ity  300.  804 

Temperature  Limits 375 

Temperature   Limits,    Enclosed    Ma- 
chines,  386A 

Temperature   Limits  for   Low   Ambi- 
ent*  305A 

Temperature,  Maximum,  Derived  from 

Observable 343 

Temperature  Measurements 344 

Temperature     Measurements     during 

Heat  Run 325 

Temperature  Measurements.  Imbedded 

Detector  Method . . .  353.  354.  355.   356 
Temperature     Measurements.     Resis- 

Unce  Method 348,  350 

Temperature  Measurements.  Thermom- 
eter Method 345. 346. 347 

Temperature    of    Parts    Other    than 

Windings 388. 389, 390. 391. 392 

Temperature  of  Reference  for  Air 305 

Temperature  of  Reference  for  Effi- 
ciency   432 

Temperature  of  Reference  for  Water. . .  309 
Temperature  of  Transformer  Winding.  351 
Temperature  Rise  in  Coils  for  Fuse 

Blowouts 781 

Temperature  Rise  Limits  for  Low  Am- 

bients 305A 
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Temperature  Rise,  Switches 722 

Temperature  Rises  with  Ambient  Less 

than  Standard 266 

Temperature  Scale 251 

Temperature,  Standard 265 

Temperature.  Symbols  and  Abbrevia- 
tion,      90 

Temperature  Test.  Duration  of 

322.323.324 

Temperature  Tests  of  Transformers. . . 

393, 394. 395. 396.  397 

Temperatures  and  Temperature  Rises 

Permissible 376, 377. 379 

Temperatures  Desirable  to  Ascertain. .  341 
Temperatures,  Hottest  Spot.  Table  of.  379 

Temperatures  in  Centigrade 251 

Temperatures.  Limiting.  Observable . .  379 
Temperatures.  Low.  Uselessness  of ... .  301 

Temperatures  of  Oil 385 

Temperatures,   Permissible,  in   Mixed 

Insulations. 378 

Temperatures.  Safe,  for  Operating  Rail- 
way Motors 804 
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REPORT  OF  THE  JOINT  RUBBER  INSULATION 
COMMITTEE~1916 

Part  I — General  Report 

Need  of  Specificalions 

1.  A  demand  for  specifications  which  will  enable  purchasers  of  rubber 
instilation  for  wire  or  cable  to  secure  good  material  on  the  basis  of  com- 
petitive bids  has  existed  for  many  years. 

2.  In  recent  years,  there  has  been  no  difficulty  in  securing  insulation 
having  the  dielectric  strength,  specific  resistance,  elasticity  and  mechanical 
strength  required  in  practise.  Indeed,  with  the  possible  exception  of 
dielectric  strength,  these  qualities  are  usually  in  excess  of  actual  service 
requirements.  There  is  another  quality,  namely,  permanence,  which 
although  equally  essential,  has  not  been  so  easy  t^  obtain. 

3.  While  the  physical  properties  of  rubber  insulation  are  susceptible 
of  positive  determination  by  tests  which  can  be  made  before  acceptance 
by  the  purchaser,  the  permanence  of  insulation  can  be  ascertained  with 
certainty  only  by  actual  trial,  often  at  great  loss,  inconvenience  and  even 
danger.  It  should,  therefore,  be  the  aim  of  specifications  to  overcome 
this  difficulty  and  by  some  indirect  means,  ensure  that  the  manufacturers 
supply  compounds  having  the  required  endurance. 

4.  This  obviously  presents  a  difficult  problem,  as  it  requires  that  some 
relation  be  established  between  permanence  and  one  or  more  of  the  proper- 
ties which  are  susceptible  of  test.  It  has  been  established  by  experience 
that  Hevea  rubber  or  the  rubber  of  the  Hevea  BrasiUensis  tree,  when 
properly  cured,  is  a  superior  grade  which  is  entirely  satisfactory  for  elec- 
trical insulation  of  the  class  under  consideration.  Hevea  rubber  may, 
therefore,  be  specified  with  advantage,  although  certain  other  rubbers 
of  good  quaUty  may  thereby  be  excluded.  The  rubber  has  to  be  Hevea 
rubber  of  good  quality,  the  materials  associated  with  it  in  the  compound 
must  be  Imown  to  be  non-deleterious  and  the  compound  itself  must  be 
well  prepared,  applied  and  vulcanized. 

Types  of  Specifications 

5.  Two  types  of  specifications  have  been  devised  to  compass  these  re- 
strictions. The  first  type  of  specification  proceeds  on  the  assumption 
that  certain  physical  characteristics  are  developed  to  an  unusual  degree 
by  the  use  of  Hevea  rubber,  especially  the  grade  known  as  fine  Para. 
Among  the  qualities  affected  by  the  grade  of  rubber,  and  alleged  to  be 
useful  indications  of  the  presence  of  Para  rubber,  are  the  tensile  strength* 
elasticity  and  specific  electrical  resistance.  Accordingly  some  specifica- 
tions  have  been  issued  in  which  one  or  more  of  these  qualities  is  specified 

Thia  rex>ort  hu  been  approved,  by  the  Standards  Committee,  and  is  published  by  order 
of  Board  of  Directors. 
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in  an  exaggerated  degree.  Experience  has  shown  that  such  specifications 
are  ineffective,  as  the  specified  physical  quality  can  be  obtained  either  by 
manipulation  of  poor  compounds  or  at  the  expense  of  permanence  in 
compounds  made  originally  of  good  materials.  In  consequence  of  this, 
specifications  based  exclusively  on  physical  tests  have  fallen  into  disrepute, 
but  such  tests  now  serve  in  modified  form  as  adjuncts  to  other  types  of 
specifications. 

6.  The  second  type  of  specification  to  be  considered  is  that  in  which  a 
more  or  less  rigid  formula  for  the  compound  is  specified  and  compliance 
with  it  exacted  either  by  inspection  during  manufacture,  or  by  chemical 
analysis  supplemented  by  other  tests  of  the  finished  product.  Inspection 
which  will  really  ensure  compliance  with  such  specifications  is  usually 
impracticable.  Reliance  must,  therefore,  be  placed  principally  upon 
chemical  analysis.  Three  difficulties  at  once  arise.  In  the  first  place 
chemical  analysis  cannot  directly  ascertain  the  quality  of  the  rubber 
which  has  been  used  in  the  manufacture  of  a  compound;  it  can  only 
determine  quality  by  the  indirect  method  of  measuring  certain  charac- 
teristic constituents.  It  is,  therefore,  necessary  to  present  in  the  speci- 
fication, a  relation  between  the  desired  formula  and  the  chemical  findings. 
The  second  difficulty  is  that  in  the  past,  chemists  have  employed  diverse 
methods  of  analysis  iwhich  give  inconsistent  results.  It  is,  therefore, 
necessary  to  establish  a  satisfactory  and  standard  procedure  for  analysis. 
The  method  of  analysis  must  not  only  yield  the  information  desired,  but 
it  must  also  be  practical  and  capable  of  yielding  uniform  results  when 
applied  to  the  same  compound  by  different  chemists.  In  order  to  secure 
this  uniformity,  it  is  important  to  describe  the  methods  of  analysis  in  de- 
tail. The  third  difficulty  has  been  the  non-uniform  interpretation  of 
analytical  results. 

7.  The  specification  hereinafter  presented  is  of  the  second  or  chemical 
type,  in  which  an  endeavor  has  been  made  to  meet  the  three  objections 
hitherto  urged  against  such  specifications.  It  contains  a  table  showing 
the  range  of  analytical  results  that  should  be  obtained  from  a  good  com- 
pound containing  30  per  cent  of  high  class  Hevea  rubber,  and  is  supple- 
mented by  a  detailed  analytical  procedure.  The  specification  is  not  com- 
plete as  given,  it  being  necessary  to  add  appropriate  electrical  and  mechan- 
ical test  requirements.  Examples  of  complete  rubber  insulation  speci- 
fications are  cited  in  Part  VI.  of  this  report. 

8.  The  specification  should  always  be  used  in  conjunction  with  the 
analytical  procedure.  The  latter  will,  however,  serve  for  the  analysis  of 
any  compounds  of  the  30  per  cent  Para  type  with  mineral  fillers,  provided 
the  interpretation  is  made  to  correspond. 

History  of  CommiUee 

9.  The  necessity  of  purchasing  insulated  wire  under  conditions  of  com- 
petitive bidding  led  the  various  departments  of  the  government,  the  rail- 
roads and  other  large  consumers,  to  issue  specifications  for  rubber  insula- 
tion. These  specifications  were  based  upon  the  individual  experience  or 
theories  of  a  number  of  engineers,  aided  by  suggestions  from  some  of  the 
manufacturers.  For  several  years  no  attempt  was  made  to  standardize 
these  specifications,  and  much  trouble  was  given  to  the  manufacturers  by 


Digitized  by  LjOOQ IC 


RUBBER  INSULATION  COMMITTEE  1665 

the  diversity  of  requirements  contained  in  them.  In  1906,  the  Rubber- 
Covered- Wire  Engineers'  Association,  consisting  of  representatives  of  the 
leading  manufacturers,  prepared  a  specification  which  was  offered  as  a 
standard.  This  was  followed  in  1911  by  the  revised  specifications  of  the 
National  Board  of  Fire  Underwriters,  which,  however,  call  for  a  compara- 
tively low  grade  of  compound.  The  former  specification,  although  the 
best  that  could  be  agreed  upon  at  that  date,  was  so  defective  as  to  afford 
little  or  no  protection  to  consumers.  The  latter  occupies  a  field  by  itself, 
and  makes  no  pretension  to  specifying  the  highest  quality  of  compound. 
Consumers  desiring  high  grade  insulation  of  great  permanence,  therefore, 
continued  to  use  their  own  specifications,  altering  them  from  time  to  time, 
in  accordance  with  the  best  information  available,  with  a  growing  tendency 
to  rely  upon  chemical  rather  than  physical  tests.  Some  difficulty  was 
experienced  both  in  obtaining  bids  and  in  enforcing  these  specifications 
owing  to  the  inability  of  chemists  to  make  concordant  analyses  of  rubber 
compounds.  This  matter  reached  an  acute  stage  in  1911,  when  a  number 
of  manufacturers  and  consumers  held  a  conference  in  order  to  discuss 
the  possibility  of  standardizing  specifications  and  analytical  methods 
for  rubber  insulation.  This  conference  was  held  at  New  York  on  the 
seventh  of  December,  1911,  Col.  Samuel  Reber  of  the  U.  S.  Signal  Corps 
presiding.*     The  following  interests  were  represented: 

Signal  Corps,  U.  S.  Army, 

American  Chemical  Society, 

Lederle  Laboratories, 

New  York  Central  Lines, 

Pennsylvania  R.  R.  Co., 

General  Electric  Co., 

Hazard  Manufacturing  Co., 

Simplex  Wire  &  Cable  Co., 

Standard  Underground  Cable  Co. 
10.  After  a  full  discussion  of  the  subject,  a  committee  was  appointed 
to  devise  a  specification  and  an  analytical  procedure  for  rubber  insulation, 
the  committee  to  report  at  a  future  conference.  The  chairman,  assisted 
by  other  members,  appointed  the  following  to  serve  upon  this  committee 
which  was  named  "The  Joint  Rubber  Insulation  Committee." 

C.  R.  Boggs,  Simplex  Wire  &  Cable  Co., 

W.  S.  Clark,  General  Electric  Company, 

W.  A.  Del  Mar,  N.  Y.  C.  R.  R.  Co.,  (later  Interborough  Rapid 
Transit  Co.) 

W.  B.  Geiser,  N.  Y.  C.  R.  R.  Co., 

J.  P.  Millwood,  Consulting  Chemist, 

P.  Poetschke,  Lederle  Laboratories, 

H.  B.  Rodman,  Pennsylvania  R.  R.  Co. 
Later,  at  the  request  of  the  committee  and  by  unanimous  consent  of  the 
members  of  the  original  conference,  the  following  were  added : 

J.  B.  Tuttle,  U.  S.  Bureau  of  Standards, 

E.  L.  Willson,  Hazard  Manufacturing  Company. 

*  The  invitations  were  iaeued  by  Mr.  B.  B.  Katte.  Chief  Engineer  of  Electric  Traction. 
of  the  New  York  Central  R.  R.  Co. 
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11.  W.  A.  Del  Mar  was  elected  secretary  of  both  the  Conference 
Committee  and  of  the  Joint  Rubber  Insulation  Committee.  No  perma- 
nent chairman  was  elected,  it  being  left  to  the  committee  to  elect  a  chair- 
man at  each  meeting. 

12.  The  committee  immediately  upon  its  formation  decided  to  confine 
itself  to  the  development  of  a  specification  and  an  analytical  procedure  for 
compounds  of  the  30  per  cent  Para  type.  In  accordance  with  this  policy 
it  made  a  study  of  the  chemical  characteristics  of  Hevea  rubber  and  of  the 
available  analytical  procedures.  New  procedures  were  also  developed  and 
studied.  Samples  of  different  rubber  compounds  were  analyzed  by  these 
tentative  methods.  The  results  were  unsatisfactory  and  the  discrepancies 
were  investigated.  Sub-committees  were  formed  to  do  much  of  this  work. 
Twelve  regtdar  committee  meetings,  besides  numerous  sub-committee 
meetings,  were  held;  many  different  compounds  were  distributed  to  be 
analyzed  by  the  entire  committee,  and  others  were  experimented  upon 
by  the  sub-committees  and  individual  members. 

13.  After  two  years  of  this  work  the  committee  presented  a  preliminary 
report  to  a  second  conference  which  was  held  at  New  York  on  October 
16th,  1913,  Col.  Reber  again  presiding.  The  report  was  unanimously 
accepted  by  the  conference  and  the  committee  authorized  to  continue 
in  existence  for  another  year  for  the  purpose  of  making  any  revisions 
that  might  appear  necessary  in  its  report,  as  the  result  of  a  year  of  ex- 
perience with  it. 

14.  The  committee  was  also  authorized  to  publish  the  preliminary 
report.  This  was  accomplished  through  the  courtesy  of  the  American 
Chemical  Society,  the  American  Institute  of  Electrical  Engineers,  and 
the  U.  S.  Bureau  of  Standards;  the  report  appearing  in  their  official 
publications,  the  Journal  of  Industrial  and  Engineering  Chemistry, 
(January  1914),  the  Proceedings  of  the  American  Institute  of  Electrical 
Engineers,  (January  1914),  and  Bureau  of  Standards  Circular  No.  38, 
respectively. 

15.  Instead  of  reporting  in  a  year,  the  committee  found  it  necessary  to 
devote  nearly  three  years  to  this  work,  holding  13  additional  meetings, 
or  a  total  of  25  general  meetings  exclusive  of  sub-committee  meetings. 

16.  The  committee  was  authorized,  at  the  second  conference,  to  in- 
crease its  personnel  without  securing  the  approval  of  the  Conference 
Committee.    It  has  added  the  following  chemists  to  its  membership: 

A.  E.  Ellis,  Interborough  Rapid  Transit  Co.,  New  York, 
G.  d'Eustachio,  Standard  Underground  Cable  Co., 
E.  W.  Gundy,  Pennsylvania  R.  R.  Co., 
C.  W.  Walker,  American  Steel  &  Wire  Co., 
C.  P.  Woods,  A.  D.  Little  Co.,  Inc.,  Boston. 

17.  The  following  resignations  have  been  accepted  since  the  second 
conference: 

J.  P.  Millwood, 
P.  Poetschke. 
Mr.  Geiser  also  resigned,  due  to  stress  of  other  work,  but  has  been  re- 
elected. 

18.  The  Joint  Rubber  Insulation  Committee's  specification  for  rubber 
insulating  compound  has  been  adopted  by  the  principal  engineering  so- 
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cieties  which  issue  standards  of  the  kind.  Among  these  are  the  American 
Electric  Railway  (Engineering)  Association,  the  Association  of  Railway 
Electrical  Engineers  and  the  American  Society  for  Testing  Materials. 
The  specification  has  also  been  adopted  by  a  large  number  of  important 
purchasers  of  insulated  wire,  including  The  U.  S.  Signal  Corps,  the  Panama 
Canal,  the  New  York  Central  R.  R.  Co.,  the  Interborough  Rapid  Transit 
Co.,  the  Public  Service  Corporation  of  New  Jersey,  etc. 

19  The  committee  also  desires  to  express  its  thanks  to  the  many 
gentlemen  not  members,  who  have  actively  participated  in  the  work, 
especially  to  Messrs.  P.  S.  Deemer,  P.  A.  Hull,  M.  M.  Kahn,  C.  B.  Martin, 
G.  H.  Savage,  J.  P.  Tinsley  and  D,  Whipple. 

Part  II — Specification  for  30  Per  Cent    Hbvea  Rubber  Compound 
(Chemical  Clauses) 

1.  A  30  per  cent  fine  Para  or  best  quality  plantation  Hevea  rubber 
compound  with  mineral  fillers,  shall  be  furnished.  It  shall  contain  only 
the  following  ingredients: 

Rubber, 

Sulphur, 

Inorganic  mineral  matter, 

Refined  solid  paraffine  or  ceresine. 

2.  The  vulcanized  compound  shall  conform  to  the  following  require- 
ments, when  tested  by  the  procedure  of  the  Joint  Rubbcfr  Insulation  Com- 
mittee, results  being  expressed  as  percentages  by  weight  of  the  whole 
sample: 

Requirements  Independent  of  the  A  mount  of  Rubber  Found 

Maximum   Minimum 

Rubber 33  30 

Waxy  hydrocarbons 4 

Free  sulphur 0.7 

Red  lead,  carbon,  or  organic  fillers  shall  not  be  present. 

Requirements  Dependent  Upon  Amount  of  Rubber  Found, 
(Requirements  for  intermediate  percentages  shall  be  in  proportion  to 

the  percentage  of  rubber  found). 

Limits  allowed  for  30  per  cent  Rubber  Compound.  Maximum  Minimum 

Saponifiable  acetone  extract 1 .  35          0 .  55 

Unsaponifiable  resins 0.45           .... 

Chloroform  extract 0 .  90           .... 

Alcoholic  potash  extract 0 .  55  

Total  sulphur  (see  note  2) 2.10  

Specific  gravity ....           1 . 75- 

Limits  allowed  for  33  per  cent  Rubber 
Compound. 

Saponifiable  acetone  extract 1.50          0.60 

Unsaponifiable  resins 0 .  50 

Chloroform  extract 1 .00 

Alcoholic  potash  extract 0.6{) 

Total  sulphur  (see  note  2) 2.30 

Specific  gravity ....           1 .  67 
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3.  The  acetone  solution  shall  not  fluoresce. 

4.  The  acetone  extract  (60  cu.  cm.)  shall  be  not  darker  than  a  light 
straw  color. 

5.  Hydrocarbons  shall  be  solid,  waxy  and  not  darker  than  a  light 
brown. 

6.  Chloroform  extract  (60  cu.  cm.)  shall  be  not  darker  than  a  straw 
color. 

7.  Failure  to  meet  any  requirement  of  this  specification  will  be  con- 
sidered sufficient  cause  for  rejection. 

8.  Contamination  of  the  compound,  such  as  by  the  use  of  impregnated 
tapes,  will  not  excuse  the  manufacturer  from  conforming  to  this  specifica- 
tion. 

Note:  1 — This  specification  shall  be  supplemented  by  appropriate  clauses  relating  to 
tensile  strength,  elasticity,  electric  insulation  resistance  and  dielectric  strength.  (See  the 
Wire  and  Cable  specifications  of  the  American  Society  for  Testing  Materials,  the  Associa- 
tion of  Railway  Electrical  Engineers  etc..  for  examples  of  such  clauses.) 

Note  2: — The  limit  on  total  sulphur  may  be  omitted  at  the  option  of  the  purchaser.  See 
Part  IV.  of  Report. 

Part  III — Analytical  Procedure 
Object  of  the  Analysis 

1.  The  object  of  this  procedure  of  analysis  is  to  determine  whether 
rubber  compounds  comply  chemically  with  the  accompanying  specifica- 
tion which  is  intended  to  secure  compounds  containing  30  per  cent  of  the 
best  Hevea  rubber,  and  mineral  fillers. 

Outline  of  Procedure 

2.  The  general  procedure  is  shown  by  the  accompanying  Diagram  A. 

Genercd 

3.  Make  the  analysis  upon  the  insulation  after  vulcanization  and, 
whenever  possible,  before  the  saturation  of  the  braid.  Wipe  the  insula- 
tion thoroughly  with  a  damp  cloth  to  remove  any  adhering  material,  but 
do  not  remove  waxy  hydrocarbons  from  the  surface. 

4.  If,  however,  a  saturated  .braided  sample  must  be  used,  remove  the 
braid  and  sandpaper  the  insulation  to  a  depth  of  at  least  0.005  of  an  inch 
and  wipe  with  a  damp  cloth.  The  latter  procedure,  however,  is  not  to  be 
recommended,  as  it  may  cause  an  appreciable  error  in  the  acetone  extract. 
In  such  cases  report  the  condition  of  the  sample. 

5.  Perform  all  determinations  in  duplicate  and  take  the  average  value 
arbitrarily  as  the  true  value.  Duplicate  determinations  must  check 
within  the  limits  specified. 

6.  Make  blanks  on  all  determinations  and  deduct  the  results  accord- 
ingly. 

Sample 

7.  Remove  the  insulation  entirely  from  sufficient  wire  to  give  a  sample 
weighing  about  25  grams.  Cut  this  into  small  pieces*  and  grind  slowly  in 
either  a  No.  0  Enterprise  coffee  mill  or  a  mill  such  as  shown  by  the  accom- 
panying Diagram  B.  Adjust  the  grinder  so  that  not  more  than  20  per 
cent  will  pass  through  a  40-mesh  sieve.     Sift  all  the  material  through  a 

*  Thi«  is  most  conveniently  done  with  a  meat-chopper. 
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20-inesh  sieve,  regrinding  what  is  retained  on  the  sieve  until  the  entire 
sample  has  passed  through.  The  wires  of  the  sieves  shall  be  evenly 
spaced  in  both  directions  and  shall  be  of  0.016  and  0.010  inches  diameter 
in  the  20-mesh  and  40-mesh  sieves  respectively.  Remove  with  a  strong 
magnet  any  metal  that  may  have  come  from  the  grinder  and  thoroughly 
mix  the  sample.  '^ 

Extraction  Apparatus 

8.  The  extraction  apparatus  shall  conform  with  the  accompanying 
Diagram  C.  It  shall  be  heated  so  that  .the  period  of  filling  an  empty 
syphon  cup  with  acetone  and  completely  emptying  it,  will  be  between 
two  and  one-half  and  three  and  one-half  minutes. 

Preparation  of  Reagents 

9.  Acetone  shall  be  freshly  distilled  over  anhydrous  potassium  car- 
bonate using  the  fraction  56-57  deg.  cent. 

Two  2gffn.  Samples  of  Rubber 
'    (Make  Acetone  Extractions) 

Acetone  Extract  (United)  ResMue 

(Saponify  with  KOH)  (Make  Chlorofprm  Extractions) 

Unsaponifiatile  Material    Alkali  Soluble  Acetone         Cfilofofofm  Residues' (United) 

(Dissolve  in  Alcohol)  Extract  Extract  (Saponify  with  KOH) 

(Treat  with  KNOjNi^ttc)  i 

Insoluble  Soluble  Free    Saponifiabte  Saponifiable  '-* — '  "-- 


» Extract 

Hydrocarbons  Unsaponifiable  Sulphur     Acetone  (Treat  wtth  HCI  and  Ether)  (Treat  with  H CI  and  Heat) 

A  Material  Extract  ' 

Treat  with  CCI4&  H2SO4 


Hydrocarbons   Unsaponifiable                             Resiiual   KOH  Extract     Insohible  Solubte 

1                 Resins                                    Solution                     (Wash  and  Dry)  (Reserve  for 

Total  Waxy  Hydrocarbons- Ai^B                                                                     C  Organic  Test) 

(Divide  in  two  parts) 


(Ignite) 
i  H 

Weigh  Substances  with  Names  Underlined  (Sul|*iur) 

Other  Substances  by  Difference  ,     £ 

Diagram  A — Outline  of  Method  of  Rubber  Analysis 
Exclusive  of  Total  Sulphur  Determination 


10.  Alcoholic  potash  solution  shall  be  of  normal  strength  and  shall  be 
made  freshly  by  dissolving  the  proper  amount  of  potassium  hydrate 
(purified  by  alcohol),  in  95  per  cent  alcohol  which  has  previously  been 
distilled  over  potassium  hydrate.  The  solution  shall  be  allowed  to  stand 
for  24  hours  and  only  the  clear  liquid  used. 

11.  Ether  shall  be  washed  with  three  successive  portions  of  distilled 
water  and  distilled,  using  the  fraction  34-36  deg.  cent. 

12.  Chloroform  shall  be  shaken  with  water,  dried  by  calcium  chloride, 
decanted,  and  freshly  distilled,  only  the  clear  distillate  being  used. 

13.  Carbon  tetrachloride  shall  be  pure  and  freshly  distilled. 

14.  The  nitric  add  bromine  reagent  shall  be  prepared  by  adding  a 
considerable  excess  of  bromine  to  the  concentrated  nitric  acid  shaking 
thoroughly  and  allowing  it  to  stand  for  some  hours  before  using. 

15.  The  fusion  mixture  for  sulphur  determinations  shall  be  made  by 
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mixing  equal  quantities  of  sodium  carbonate  and  powdered  potassium 
nitrate. 

16.  The  barium  chloride  solution  shall  be  made  by  dissolving  lOOg.  of 
crystallized  barium  chloride  in  one  liter  of  distilled  water  and  adding  two 
or  three  drops  of  concentrated  hydrochloric  acid.  If  there  is  any  insoluble 
matter  or  cloudiness,  the  solution  shall  be  heated  on  a  steam  bath  over- 
night and  filtered  through  580  S.  and  S.  blue  ribbon  filter  paper. 

17.  Distilled  water  only  shall  be  used  in  preparing  solutions  and  in  all 
washing  operations.  Reagents  not  otherwise  specified  shall  be  of  a  "c.p. 
tested"  quality. 

Acetone  Extract 

18.  Extract  continuously  with  60  cu.  cm.  acetone  for  eight  hours,  two 
2-g.  samples  that  have  been  prepared  within  24  hours.  Unite  the  extracts 
in  a  weighed  flask,  using  hot  chloroform  to  rinse  the  flasks.  Distill  off 
the  reagents  and  dry  the  flask  and  contents  for  four  hours  at  95-100  deg. 


Grinding  plates  of  the  No.  0  Enterprise 
Coffee  Mill  to  be  used 


Diagram  B — Rubber  Grinder 


cent.  Desiccate  until  cool  and  weigh.  Continue  to  dry  for  two-hour 
periods  until  constant  weight  is  obtained.  In  drying,  place  the  flask  on 
its  side  but  at  a  sufficient  angle  from  the  horizontal  so  that  the  extract 
does  not  appreciably  run  down  the  side  of  the  flask. 

Unsaponifiable  Material 
19.  Add  to  the  acetone  extract  50  cu.  cm.  alcoholic  potash  solution, 
boil  under  a  reflux  condenser  for  two  hours,  and  evaporate  on  a  water 
bath  until  all  alcohol  is  remqved.  Add  10  cu.  cm.  water  and  20  cu.  cm. 
ether;  heat  until  the  wax  etc.  are  in  solution,  cool,  transfer  to  a  separatory 
funnel,  wash  out  the  flask  with  warm  water,  cool  and  finally  wash  with 
two  20  cu.  cm.  portions  of  ether.  The  water  volume  should  be  100  cu.  cm. 
and  the  ether  at  least  40  cu.  cm.  Shake  vigorously  for  two  minutes,  and 
allow  the  solutions  to  separate  thoroughly.  Draw  off  the  aqueous  solu- 
tion into  a  second  funnel,  leaving  in  the  first  funnel  the  ethereal  solution 
and  any  flocculent  material  that  may  be  present.    Again  rinse  the  flask 
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with  20  cu.  cm.  ether  and  add  it  to  the  aqueous  solution;  shake  vigorously 
for  two  minutes,  and  when  separated  draw  off  the  aqueous  solution  and 
unite  in  the  first  funnel  the  ethereal  solutions  and  any  flocculent  material. 
Repeat,  shaking  with  20  cu.  cm.  portions  of  ether,  until  no  residue  is 
obtained  on  evaporating  a  20  cu.  cm.  portion.  The  aqueous  solution  and 
subsequent  washings  shall  be  reserved  for  the  free  sulphur  determination. 
Wash  the  flask  and  the  funnel,  from  which  the  ethereal  solution  has  been 
taken,  with  water,  until  they  are  free  from  alkali.  Wash  the  ethereal 
solution  with  water  until  it  has  been  washed  twice  after  the  wash  water 
shows  no  alkaline  reaction.  Retain  with*  the  ethereal  solution  any  floccu- 
lent material.      Filter  the  ethereal  solution  from  the  flocculent  material. 


'SOmmr^ 


Xs  fnm  oitsiit  d». 
»kick  Tin  Tut3^ 


Diagram  C — Rubber  Analysis  Extraction  Apparatus 


through  a  small  pellet  of  extracted  cotton,  into  a  weighed  flask,  washing 
first  with  ether  and  subsequently  with  hot  chloroform,  using  this  to  rinse 
the  original  flask  and  both  separatory  funnels.  Evaporate  the  solvents 
and  dry  the  extract  at  95-100  deg.  cent.;  cool  in  a  desiccator  and  weigh. 
Continue  to  dry  until  constant  weight  is  obtained. 

Hydrocarbons  A 
20.  Add  50  cu.  cm.  absolute  alcohol  to  the  unsaponifiable  material  and 
warm  until  solution  is  as  complete  as  possible.  Cool  the  solution  to  -4  or 
-5  deg.  cent,  and  maintain  at  this  temperature  for  one  hour  by  packing 
the  flask  in  a  mixture  of  ice  and  salt.  Filter  out  the  waxy  hydrocarbons, 
using  a  funnel  packed  with  ice  and  salt,  and  apply  suction  if  necessary. 
Wash    the  flask  and  filter  with  about  25  cu.  cm.  of  95  per  cent  alcohol. 
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which  has  been  previously  cooled  in  the  same  temperature.  Catch  the 
filtrate  in  a  flask  which  is  afterwards  cooled  to  -4  to  -5  deg.  cent,  to  make 
sure  that  all  possible  waxy  hydrocarbons  have  been  removed,  and  refilter 
if  necessary.  Dissolve  the  residue  on  the  filter  paper  with  hot  chloroform, 
into  the  original  flask.  Evaporate  the  chloroform  and  dry  the  flask  at 
95-100  deg.  cent.;  cool  in  a  desiccator  and  weigh.  Continue  to  dry  until 
constant  weight  is  obtained. 

Hydrocarbons  B 

21.  Evaporate  the  alcohol  from^the  flask  containing  the  alcohol-soluble 
unsaponifiable  material,  add  25  cu.  cm.  of  carbon  tetrachloride,  and 
transfer  to  a  separatory  funnel.  Shake  with  concentrated  sulphuric  acid, 
drain  off  the  discolored  acid  and  repeat  with  fresh  portions  of  add  until 
there  is  no  longer  any  discoloration.  After  drawing  off  all  the  acid,  wash 
the  carbon  tetrachloride  solution  with  repeated  portions  of  water  until  all 
traces  of  acid  are  removed.  Transfer  the  carbon  tetrachloride  solution  to 
a  weighed  flask;  evaporate  off  the  solvent  and  dry  the  flask  at  95-100  deg. 
cent.;  cool  in  a  desiccator  and  weigh.  Continue  to  dry  until  constant 
weight  is  obtained. 

Free  Sulphur 

22..  Add  two  grams  potassium  nitrate  to  the  aqueous  solution  and 
washings  from  the  ethereal  separation  of  the  unsaponified  material.  Evapo- 
rate to  dryness  in  a  silver  or  nickel  dish  and  heat  to  quiet  fusion,  avoiding 
contamination  with  sulphur  fumes.  Transfer  with  cold  water  to  a  beaker, 
neutralize  with  hydrochloric  acid;  add  2  cu.  cm.  concentrated  hydrochloric 
acid;  filter  and  wash,  making  a  volume  of  200  cu.  cm.  Heat  to  boiling 
and  add  slowly  a  slight  excess  of  hot  barium  chloride  solution.  Allow  to 
stand  over  night,  filter,  wash,  ignite,  weigh  the  barium  sulphate  and  cal- 
culate to  sulphur. 

Definition  of  Terms  Describing  Components  of  Acetone  Extract 

23.  The  difference  between  the  acetone  extract  and  the  free  sulphur 
shall  be  called  the  Organic  Extract. 

24.  The  difference  between  the  organic  extract,  and  the  unsaponifiable 
material  shall  be  called  the  Saponifiable  Acetone  Extract. 

25.  The  sum  of  the  hydrocarbons  A  and  B  shall  be  called  the  total 
Waxy  Hydrocarbons. 

26.  The  difference  between  the  unsaponifiable  material  and  the  waxy 
hydrocarbons  shall  be  called  Unsaponifiable  Resins. 

Chloroform  Extract 

27.  Extract  continuously,  the  residues  from  both  of  the  acetone  extrac- 
tions (without  necessarily  removing  the  acetone  that  may  be  on  them), 
for  four  hours  with  60  cu.  cm.  chloroform.  Unite  the  extractions  in  a 
weighed  flask,  using  hot  chloroform  to  rinse  the  flasks.  Distill  off  the 
solvent  and  dry  the  flask  and  contents  for  two  hours  at  95-100  deg.  cent. 
Cool  in  a  desiccator  and  weigh.  Continue  to  dry  for  one-hour  periods 
until  constant  weight  is  obtained.  In  drying,  place  the  flask  on  its  side 
but  at  a  sufficient  angle  from  the  horizontal  so  that  the  extract  does  not 
appreciably  run  down  the  side  of  the  flask.  (If  it  is  needful  to  wait  after 
the  acetone  extraction,  before  starting  the  chloroform  extraction,  the 
sample  must  be  kept  in  a  vacuum  of  at  least  50  mm.  of  mercury.) 
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Alcoholic  Potash  ExtrcLct 

28.  Dry  the  residues  from  the  chloroform  extractions  at  50-60  deg. 
cent,  until  the  odor  of  chloroform  can  no  longer  be  detected;  unite  the 
residues  from  the  two  2  g.  samples  in  a  200  cu.  cm.  Erlenmeyer  flask.  Add 
100  cu.  cm.  alcoholic  potash  solution  and  boil  for  four  hours  under  a  reflux 
condenser.  Filter  the  solution  by  decantation  through  an  11  cm.  hardened 
filter  paper  into  a  beaker  and  wash  twice,  using  each  time  25  cu.  cm.  hot 
absolute  alcohol  and  then  wash  thoroughly  with  hot  water.  Wash  any 
rubber  on  the  filter  paper  back  into  the  original  flask  and  reserve  this  for 
the  determination  of  rubber  hydrocarbons.  Evaporate  the  solution  to 
approximate  dryness,  take  up  in  warm  water  and  transfer  to  a  separatory 
funnel.  Acidify  with  30  cu.  cm.  of  5  N  hydrochloric  acid,  using  this  to 
rinse  the  beaker.  Add  sufficient  water  to  make  the  bulk  of  the  solution 
100  cu.  cm.  When  cool  add  40  cu.  cm.  ether,  using  it  to  rinse  the  beaker 
in  20  cu.  cm.  portions.  Shake  the  aqueous  and  ethereal  solutions  thor- 
oughly. After  complete  separation,  draw  off  the  aqueous  solution  and 
treat  in  another  separatory  funnel,  with  a  fresh  20  cu.  cm.  portion  of 
ether.  Continue  to  shake  the  aqueous  solution  with  fresh  portions  of 
ether  until  a  colorless  portion  has  been  obtained,  then  shake  out  twice 
more.  Unite  the  ethereal  solutions  and  wash  with  successive  additions 
of  water,  continuing  twice  after  the  water  shows  no  acid  reaction.  Filter 
through  a  plug  of  extracted  cotton  into  a  tarred  flask,  wash  the  filter  and 
funnel  with  ether,  evaporate  the  ether  without  boiling  and  dry  the  residue 
at  95-100  deg.  cent. ;  cool  in  a  desiccator  and  weigh.  Continue  to  dry  until 
constant  weight  is  obtained. 

Rubber  Hydrocarbons 

29.  Add  to  the  flask  containing  the  rubber  residue  f:om  the  alcoholic 
potash  extraction,  sufficient  water  to  make  the  total  volume  of  the  solution 
125  cu.  cm.  and  then  add  25  cu.  cm.  concentrated  hydrochloric  acid.  Heat 
for  an  hour  at  97-100  deg.  cent.  Decant  the  supernatant  liquid  through  a 
hardened  filter  paper  on  a  Buchner  funnel  7  cm.  diameter,  using  suction; 
wash  the  residue  with  25  cu.  cm.  hot  water  and  decant.  (While  a  Buchner 
funnel  is  recommended,  it  is  permissible  to  use  an  11  cm.  hardened  filter 
paper  with  platinum  cone,  in  a  60  deg.  funnel).  Perform  this  entire  treat- 
ment with  water  and  hydrochloric  acid,  three  times  and  save  the  first  and 
second  decantations  for  the  ''organic  matter"  test  described  in  section  36. 
The  rubber  at  this  stage  should  be  white  and  practically  free  from  black 
specks  of  undissolved  fillers;  if  not,  continue  the  acid  treatment  until  the 
black  specks  disappear.  (If  carbon  is  present,  all  the  particles  of  rubber 
will  be  greyish,  bluish,  or  black,  depending  on  the  form  and  quantity  of 
carbon  used.  Black  specks  in  light  particles  of  rubber  usually  indicate 
the  presence  of  lead  sulphide  which  must  be  removed  to  prevent  the  forma- 
tion of  lead  sulphate  on  igniting  the  residue  C.)  Add  150  cu.  cm.  hot  water 
to  the  flask  and  let  stand  on  a  steam  bath  or  hot  plate  for  half  an  hour  and 
decant  through  the  filter  paper.  Return  to  the  flask  any  rubber  that  goes 
on  the  filter  paper.  Repeat  until  the  washings  are  free  from  chlorides. 
(See  section  36).  Transfer  all  the  rubber  in  the  flask  to  the  filter  paper 
and  dry  as  much  as  possible  by  suction.  Wash  the  rubber  with  50  cu.  cm. 
of  95  per  cent  alcohol,  using  suction.     Transfer  the  entire  residue  to  a 
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weighing  bottle.  Dry  at  95  to  100  dcg.  cent,  for  an  hour,  cool  in  a  vacuum 
dessicator  under  reduced  pressure  and  weigh..  Dry  for  a  half  hour,  cool 
and  weigh,  repeating  this  process  until  either  constant  weight  is  reached 
or  the  weight  starts  to  increase.  Let  this  weight  be  represented  by  C. 
On  a  portion  D  of  this  residue  C  determine  the  ash  E  according  to  section 
30  and  the  sulphur  F  in  the  ash  £.  Determine  the  sulphur  H  in  another 
portion  G  of  residue  C,  Make  all  sulphur  determinations  as  described 
under  Total  Sulphur. 

30.  Place  about  0.5  g.  of  residue  C  into  a  weighed  porcelain  crucible. 
Let  the  weight  of  residue  be  represented  by  D,  Heat  gently,  gradually 
driving  of!  the  volatile  matter.  When  the  crucible  has  ceased  to  smoke, 
raise  the  temperature  gradually  to  between  450  and  500  deg.  cent,  until 
all  organic  matter  has  been  burned  away,  which  is  usually  indicated  by  the 
ash  becoming  white.  (An  electric  muffle  furnace  with  pyrometer  is  recom- 
mended for  this  purpose).  Cool  in  a  desiccator  and  weigh,  the  weight  of 
ash  being  represented  by  E  in  the  formula  for  rubber  hydrocarbons. 
Make  sulphur  test  on  ash  by  the  method  described  under  Total  Sulphur. 
If,  however,  50  X  C  X  £  is  not  over  unity,  the  determination  of  sulphur 
in  the  ash  may  be  omitted  and  F  assumed  to  be  zero. 

Then, 


Rubber  Hydrocarbons 


_    ^"^   ——1 
D  G     \ 


expressed  as  a  percentage  of  the  total  sample. 

Total  Sulphur 

31.  Place  a  0.5g  of  rubber  in  a  porcelain  crucible  of  about  100  cu.  cm. 
capacity.  Add  20  cu.  cm.  nitric-acid-bromine  reagent,  cover  the  crucible 
with  a  watch  glass,  and  allow  to  stand  for  one  hour.  Heat  very  carefully 
for  an  hour,  remove  the  cover,  rinsing  it  with  a  little  water,  and  evaporate 
to  dryness.  Add  5g.  of  the  KNOt  —  NaaCOt  fusion  mixture,  and  3  to  4  cu. 
cm.  of  distilled  water.  Digest  for  a  few  minutes,  and  then  spread  the 
mixture  half  way  up  the  side  of  the  crucible  to  facilitate  drying.  Dry 
on  a  steam  bath  or  hot  plate.  Fuse  the  mixture,  using  a  sulphur-free 
flame  until  all  the  organic  matter  has  been  destroyed  and  the  melt  is  quite 
soft.  Allow  to  cool,  place  the  crucible  in  a  600  cu.  cm.  beaker,  and  cover 
with  water.  Digest  three  or  four  hours  on  the  steam  bath.  Filter  into  an 
800  cu.  cm.  beaker,  washing  thoroughly  with  hot  water.  The  total  volume 
should  be  about  500  cu.  cm.  Allow  to  cool,  add  7  to  8  cu.  cm.  concen- 
trated hydrochloric  add  to  the  filtrate,  and  heat  on  the  steam  bath.  Test 
the  solution  for  acidity  with  congo  paper  and  add  10  cu.  cm.  of  hot  barium 
chloride  solution.  Allow  to  stand  over  night,  filter,  wash,  weigh  the  bar- 
ium sulphate,  and  calculate  to  sulphur. 

Specific  Gravity 

32.  The  specific  gravity  shall  be  the  ratio  of  the  weight  of  a  given 
volume  of  the  compound,  to  the  weight  of  an  equal  volume  of  water, 
both  at  20  deg.  cent.  Cut  strips  of  the  largest  practicable  size  from  the 
conductor  and  use  about  5  g.  for  the  sample.  Determine  the  specific 
gravity  in  the  usual  manner  by  means  of  a  specific-gravity  bottle.  Care 
must  be  taken  that  no  air  bubbles  adhere  to  the  sample. 
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Checks 

33.  Specific  gravity  determinations  shall  check  within  0.01.  The 
other  duplicate  determinations  shall  check  within  the  following  limits 
expressed  as  percentages  of  the  original  sample. 

Determination  Check 

Acetone  Extract 0.10 

Saponifiable  Acetone  Extract 0. 10 

Unsaponifiable  Resins 0 .  10 

Waxy  Hydrocarbons 0. 10 

Free  Sulphur 0.05 

Chloroform  Extract 0. 10 

Alcoholic  Potash  Extract 0. 10 

Rubber  Hydrocarbons 0.20 

Total  Sulphur 0. 10 

Inlerpreiation 

34.  The  percentage  of  rubber  shall  be  considered  to  be  the  sum  of  the 
rubber  hydrocarbons,  saponifiable  acetone  extract,  unsaponifiable  resins, 
chloroform  and  alcoholic  potash  extracts,  expressed  as  percentages.  If 
the  chloroform  extract  is  over  3.0  per  cent  of  the  rubber  so  calculated, 
subtract  the  excess  from  the  rubber.  If  the  alcoholic  potash  extract  is 
over  1.8  per  cent  of  the  rubber,  as  first  calculated,  subtract  this  excess 
also  from  the  rubber. 

Red  Lead 

35.  Dissolve  1  g.  of  the  sample  in  75  cu.  cm.  Xylol  at  a  temperature 
of  about  100  deg.  cent.  When  the  rubber  is  dissolved,  the  absence  of  any 
red  particles  indicates  the  absence  of  red  lead.  If  red  particles  are  present, 
filter  the  solution  into  a  Gooch  crucible  and  wash  thoroughly  with  benzol, 
acetone  and  alcohol  successively.  Remove  the  felt  and  residue  to  a  dis- 
tilling fiask,  add  25  cu.  cm.  10  per  cent  hydrochloric  acid,  and  distill  over 
the  chlorine  liberated  by  the  lead  peroxide,  absorbing  the  gas  in  a  solution 
of  potassium  iodide  and  starch.  Not  more  than  0.1  cu.  cm.  of  0.1  N 
thiosulphate  shall  be  required  to  titrate  the  iodine  liberated. 

Organic  Fillers, 

36.  Transfer  the  first  and  second  decantations  of  the  hydrochloric 
acid  solutions  to  a  carefully  cleaned  porcelain  dish  and  add  20  cu.  cm. 
concentrated  sulphuric  acid.  Place  dish  on  steam  bath  or  hot  plate  to 
drive  off  water  and  hydrochloric  acid.  A  pronounced  charring  of  the 
residue  indicates  the  presence  of  organic  matter  soluble  in  water  or  hy- 
drolyzed  by  hydrochloric  acid. 

Examine  filter  paper  and  rubber  while  decanting  acid  solution  and  again 
while  washing  free  of  chlorides.  Some  types  of  organic  fillers  not  removed 
by  water  and  hydrochloric  acid,  would  be  plainly  visible  at  this  point. 

Place  a  small  portion  of  residue  C  under  a  microscope  and  examine  for 
fibrous  and  other  characteristic  organic  material.  If  organic  fillers  are 
indicated  and  not  clearly  proven  by  this  test,  place  1  g.  of  the  organic 
sample  in  a  beaker,  add  75  cu.  cm.  Xylol  and  heat  on  hot  plate  until  the 
rubber  is  dissolved.    Decant  Xylol  solution  and  wash  residue  with  ether 
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several  times  by  decantation.    Dry  residue  and  examine  under  the  micro- 
scope. 

Statement  of  Results 
37.     The  results  of  the  analysis  shall  be  stated  in  the  following  form: 

per  cent 

Acetone  extract 

Saponifiable  acetone  extract 

Unsaponifiable  resins 

Waxy  hydrocarbons 

Free  sulphur 

Chloroform  extract 

Alcoholic  potash  extract 

Total  sulphur 

Rubber 

Color  of  acetone  extract  (60  cu.  cm.  vol.) 

Fluorescence  in  acetone  extract  solution  (present  or  absent) 

Hydrocarbons  A  (consistency  and  color) 

Hydrocarbons  B  (solid  or  liquid) 

Color  of  chloroform  extract  (60  cu.  cm.  vol.) 

Carbon  (present  or  absent) 

Organic  fillers  (present  or  absent) 

Red  lead  (present  or  absent) 

Specific  gravity 

Sample  braided  or  not 

Part  IV — Explanation  of  Specification 

1.  Experience  has  shown  that  compounds  of  the  grade  which  contains 
only  good  Hevea  rubber,  may  be  relied  upon  to  be  more  permanent  than 
those  made  of  rubber  of  other  grades.  It  is  not  affirmed  by  the  com- 
mittee that  a  compound  which  conforms  with  this  specification,  is  neces- 
sarily permanent,  or  that  a  better  compound  cannot  be  made,  but  it  is 
believed  that  enforcement  of  the  specification  will  limit  the  use  of  inferior 
materials  and  that  it  will  put  the  manufacturers  more  nearly  upon  an 
equality  of  endeavor,  where  they  can  use  their  experience  to  obtain  the 
best  results.  Used  in  connection  with  the  analytical  procedure,  the 
specification  will  enable  purchasers  to  order  a  good  compound  and  to 
ascertain  with  a  greater  certainty  than  heretofore,  whether  the  material 
received,  represents  the  compound  specified. 

2.  The  term  Hevea  applied  to  rubber  means  rubber  from  the  Hevea 
Brasiliensis  tree  whether  wild  or  cultivated  and  regardless  of  the  locality 
in  which  it  has  been  grown.  Para  rubber  is  Hevea  rubber  of  the  kind 
originally  shipped  from  the  port  of  Para,  Brazil,  and  comes  in  several 
grades.  The  rubber  required  by  this  specification  should  be  Hevea  rubber 
of  good  quality,  such  as  fine  Para  or  best  quality  plantation  rubber. 

3.  Carbon  is  excluded  not  only  because  it  is  considered,  by  some 
purchasers,  to  be  deleterious,  but  because  it  interferes  with  the  determina- 
tion of  rubber  hydrocarbons. 

4.  Red  lead  is  excluded  because  of  the  possibilities  of  its  deleterious 
effects  on  the  rubber. 
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5.  Ozokerite  is  prohibited  because  the  acetone  extract  obtainable  from 
it  interferes  with  the  separation  of  the  acetone  extract  obtainable  from  the 
rubber,  thereby  vitiating  the  assay  of  the  rubber  extract.  This  prohibition 
is  unimportant  to  the  manufacturers,  as  ceresine,  which  is  permitted,  is 
the  essential  constituent  of  ozokerite. 

6.  An  upper  limit  is  placed  upon  the  rubber  in  order  to  prevent  the 
attainment  of  electrical  and  mechanical  strength  by  the  use  of  an  extra 
quantity  of  inferior  rubber  whose  lasting  qualities  might  not  be  satisfac- 
tory. 

7.  The  hydrocarbons  are  limited  owing  to  their  tendency  to  separate 
from  the  compound  and  thus  possibly  cause  porosity. 

8.  The  free  sulphur  is  limited  because  an  excessive  amount  may  be 
deleterious. 

9.  The  maximum  limit  on  the  saponifiable  acetone  extract  is  to  prevent 
the  use  of  raw  or  reclaimed  rubber  with  high  saponifiable  extract.  The 
minimum  limit  assists  in  forcing  the  use  of  Hevea  rubber,  since  it  is 
characteristic  of  the  acetone  extract  from  Hevea  rubber  to  be  largely 
saponifiable. 

10.  The  unsaponifiable  resins  are  limited  because  a  low  proportion  of 
unsaponifiable  resins  is  characteristic  of  Hevea  rubber.  A  high  result 
might  be  due  to  the  presence  of  reclaimed  rubber. 

11.  The  chloroform  extract  is  limited,  first  to  prevent  the  use  of  bi- 
tuminous substances,  and  second,  to  limit  depolymerized  and  undercured 
rubber. 

12.  The  alcoholic  potash  extract  is  limited  to  prevent  the  use  of  saponi- 
fiable rubber  substitutes. 

13.  The  specific  gravity  is  limited  to  reconcile  the  specification  of  in- 
gredients by  weight  with  the  practise  of  purchasing  material  by  volume. 

14.  Fluorescence  of  the  acetone  solution  is  prohibited  as  it  indicates 
the  presence  of  bituminous  substances,  rosin  oil,  or  mineral  oils. 

15.  The  color  of  the  acetone  extracts  is  specified  to  conform  with  the 
normal  color  of  the  extract  from  Hevea  rubber.  A  darker  color  indicates 
adulteration  or  an  inferior  grade  of  rubber. 

16.  The  hydrocarbons  are  required  to  be  solid  in  order  to  prevent  the 
use  of  oils  and  parafiine  of  low  melting  point.  The  shade  required  is  that 
obtained  from  paraffine  wax  or  ceresine.  If  hydrocarbons  B  are  liquid 
this  would  indicate  reclaimed  rubber  softened  with  mineral  oil,  or  paraffine 
of  low  melting  point. 

17.  The  color  of  the  chloroform  extract  is  specified  to  conform  with  the 
color  of  dissolved  gum  in  minute  quantities.  The  presence  of  bituminous 
substances  would  be  indicated  by  a  brown  or  black  color. 

18.  It  would  be  desirable  that  the  sulphur  of  vulcanization  be  limited 
to  exclude  reclaimed  rubber,  which  contains  the  sulphur  of  its  previous 
vulcanization,  but  the  committee  has  not  yet  developed  an  acceptable 
method  for  determining  this  quantity.  It  is,  therefore,  confronted  with 
the  choice  of  either  placing  a  limit  on  the  total  sulphur  or  giving  up  the 
attempt  to  exclude  shoddy  by  sulphur  limitation.  Option  is  therefore 
given  to  the  purchaser  to  insert  or  omit  the  limit  on  total  sulphur.  Such 
insertion  will  at  times  exclude  reclaimed  rubber  and  the  committee  believes 
it  possible  to  make  a  suitable  compound  with  this  limitation.    The  corn- 
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mittee  thinks  that  a  sulphur  limit  positively  excluding  reclaimed  rubber, 
would  place  too  great  a  hardship,  in  other  ways,  on  the  manufacturers. 
Where  the  specification  is  used  with  no  total  sulphur  limit,  the  use  of  many 
kinds  of,  or  much,  reclaimed  rubber,  will  be  guarded  against  by  the  limits 
of  the  various  components  of  the  acetone  extract.  When  the  limitation  on 
total  sulphur  is  omitted,  sulphur-bearing  fillers,  which  possess  certain 
advantages,  may  be  used. 

10.  This  specification  should  be  supplemented  by  appropriate  elastic- 
ity and  tensile  strength  tests,  in  order  to  add  to  the  assurance  that  good 
rubber  has  been  used  and  that  the  vulcanization  process  has  been  properly 
carried  out;  also  by  appropriate  electric  stress  and  resistance  tests,  to 
assure  proper  insulating  qualities  and  homogeneity  of  structure.  The 
exact  value  of  the  limits  for  these  tests  will  depend  upon  the  use  to  which 
the  material  is  to  be  put. 

Part  V — Explanation  of  Procedure 
General 

1.  The  tentative  report  of  the  committee,  presented  in  October,  1913, 
provided  for  the  determination  of  the  percentage  of  rubber  present  by  the 
method  of  difference.  The  mineral  fillers  were  determined  by  the  terebene 
solution  method.  Restdts  obtained  in  the  use  of  this  method  showed  that 
it  gave  inaccurate  results  on  some  compounds.  The  committee  therefore 
determined  to  abandon  it  and  to  find  a  suitable  substitute.  It  is  believed 
that  the  method  now  recommended  will  satisfactorily  solve  the  problem. 

2.  The  most  feasible  means  of  limiting  the  kind  of  rubber  was  con- 
sidered to  be  the  determination  of  the  saponifiable  and  unsaponifiable 
resins.  These  are  fairly  constant  characteristics  of  the  resins  of  Hevea 
rubber,  and  of  compounds  made  from  the  same.  Other  methods,  such  as 
the  determination  of  the  saponification  number  and  the  optical  activity 
of  the  resins,  were  thought  to  be  unpractical. 

3.  The  method  as  developed  is  applicable  to  the  analysis  of  any  pure 
rubber  compound  containing  only  mineral  matter  with  or  without  ceresine 
or  paraffine  wax,  regardless  of  the  kind  or  amount  of  rubber,  and  can  be 
used  in  conjunction  with  other  specifications  provided  the  limits  are 
changed  to  correspond  with  the  amount  and  kind  of  rubber  desired,  and 
due  consideration  is  given  to  interfering  mineral  matter.  When  applied 
to  a  compound  without  ceresine  or  paraffine  wax  the  unsaponifiable 
acetone  extract  is  the  unsaponifiable  resins. 

4.  The  method  has  been  definitely  described,  to  make  it  certain  that 
experienced  chemists  may  obtain  concordant  results.  The  interpretation 
has  been  rigidly  defined,  obviating  any  ambiguity  as  to  the  meaning  that 
will  be  assumed,  even  though  this  sometimes  appears  to  be  arbitrary. 

Sample 

5.  In  order  to  obtain  uniform  results,  the  committee  has  established 
by  experiment  that  a  definite  method  of  sampling  has  to  be  adopted  and 
that  for  all  extractions  the  sample  must  be  reduced  in  a  prescribed  manner 
to  at  least  an  approximately  similar  degree  of  fineness.  For  this  reason 
the  procedure  specifies  a  definite  type  of  grinder  obtainable  in  two  fonns, 
and  also  specifies  definite  sieves. 
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Extraction  Apparatus 

6.  The  committee  has  proved  that  the  extraction  apparatus  used  by 
different  chemists  must  be  of  exactly  the  same  form  and  the  same  size. 
It  was  also  proven  that  small  samples  in  the  apparatus  give  the  maximum 
results  and  that  the  rate  of  extraction  is  dependent  upon  the  amount  of 
solvent  and  its  temperature  as  it  passes  through  the  sample.  The  appara- 
tus finally  adopted  combines  the  advantages  of  several  forms  that  were 
studied  and  together  with  simplicity  of  operation  and  adjustment  to  uni- 
form conditions,  gives  practically  complete  extraction  when  used  as  speci- 
fied. A  number  of  other  variations  that  might  have  a  possible  effect  upon 
the  amount  of  extract,  were  tried  but  found  to  be  inappreciable. 

Acetone  Extraction  ' 

7.  The  extraction  is  made  within  24  hours  of  the  preparation  of  the 
sample,  so  obviating  any  appreciable  oxidation.  Two  samples  are  ex- 
tracted and  united,  so  that  a  larger  amount  of  extract  may  be  obtained 
for  the  subsequent  separations,  and  the  extraction  apparatus  kept  within 
a  convenient  size.  Hot  chloroform  is  used  to  facilitate  the  complete 
transference  of  the  extract.  The  flasks  are  placed  on  their  sides  when 
drying,  to  hasten  the  emission  of  the  solvent  and  thus  reduce  chance  of 
volatilizing,  through  longer  heating,  some  of  the  more  volatile  consti- 
tuents of  the  extract.  Drying  in  vacuo  at  room  temperature,  does  not 
remove  all  the  moisture  if  parafiUne  is  present  and  such  drying  with  heat 
or  at  100  deg.  cent,  in  an  inert  gas,  presents  no  practical  advantage  over 
the  method  given. 

Separation  of  the  Acetone  Extract 

8.  The  method  given  was  developed  so  that  all  the  desired  constituents 
could  be  determined  on  one  sample. 

9.  Emphasis  is  laid  on  thorough  extraction  of  the  unsaponifiable 
material  and  the  retention  of  the  flocculent  material  with  the  ethereal 
solution.  This  latter  material  is  not  soluble  in  either  ether  or  water,  but 
it  was  proven  that  if  such  as  was  chloroform-soluble  was  included  in  the 
unsaponifiable  material,  the  subsequent  determination  of  the  hydrocar- 
bons would  be  more  exact.  A  portion  of  this  flocculent  material  is  insolu- 
ble in  chloroform. 

10.  The  hydrocarbons  are  determined  in  two  places,  making  an 
approximate  separation  between  the  solid  and  the  liquid  ones,  if  both  are 
present.  The  first  hydrocarbons  A  are  those  insoluble  in  the  solvent  at  a 
low  temperature.  The  presence  of  unsaponifiable  resins  in  the  solution 
prevents  the  more  complete  freezing  out  of  the  hydrocarbons,  but  the 
remainder  is  obtained  after  treatment  of  the  resins  with  sulphuric  add. 
In  this  way,  chance  of  loss  through  the  action  of  the  acid  has  been  largely 
eliminated. 

11.  The  method  for  free  sulphur  gives  all  the  sulphur  in  the  acetone 
extract  with  the  exception  of  negligible  amounts  which  may  be  ill  the 
unsaponifiable  material.  It  was  proven  that  the  results  agree  with 
determinations  made  directly  on  other  acetone  extracts. 

12.  The  saponifiable  and  unsaponifiable  resins  are  obtained  by  differ- 
ence. 
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Chloroform  Exiraclion 

13.  The  chloroform  extraction  should  be  made  at  once  after  the  acetone 
extraction,  or  the  sample  put  in  a  vacuum,  so  as  to  avoid  the  danger  of  an 
abnormally  high  extract.  When  the  extract  is  dried  as  specified,  constant 
weight  is  obtained  before  any  appreciable  oxidation  occurs.  If  bituminous 
substances  are  present,  that  portion  which  has  not  been  extracted  by  the 
acetone,  will  be  largely  soluble  in  chloroform  and  can  be  readily  distin- 
guished by  its  color.  The  amount  of  extract  is  also  affected  by  the  presence 
of  uncured  and  inferior  rubber.  A  properly  cured  Hevea  compound  will 
always  give  a  little  extract  with  chloroform,  which  varies  somewhat  with 
the  method  and  conditions  of  cure. 

Alcoholic  Potash  Extraction 

14.  The  alcoholic  potash  extraction  is  the  usual  saponification  process 
for  obtaining  the  fatty  acids  of  rubber  substitutes.  The  total  amount 
of  such  substitutes  is  not  obtained,  but  if  any  appreciable  amount  is 
present,  the  value  will  exceed  that  of  the  limit  allowed.  When  no  sub- 
stitutes are  present,  this  determination  always  yields  a  small  amount  of 
extract  from  Hevea  rubber. 

Rubber  Hydrocarbons 
16.     Methods  for  the  determination  of  the  percentage  of  rubber  are  of 
two  kinds,  the  direct  and  the  difference  methods.    The  committee  adopted 
a  difference  method  after  trial  of  various  methods,  both  direct  and  indirect. 

16.  The  difference  methods  are  those  in  which  the  rubber  is  removed 
and  the  residue  weighed.  This  may  be  done  in  either  of  two  ways;  by  the 
use  of  solvents,  or  by  ignition.  The  early  work  of  the  committee  was 
largely  along  the  line  of  removing  the  rubber  by  means  of  solvents.  Many 
kinds  and  probably  every  class  of  rubber  solvents  were  tried.  Some  did 
not  completely  dissolve  the  rubber  at  low  temperatures  and  ordinary 
atmospheric  pressure;  others  appeared  to  dissolve  the  rubber,  but  formed 
a  colloidal  solution  holding  some  of  the  fillers,  which  cotdd  neither  be 
filtered  nor  centrifuged  clear  of  mineral  matter.  Many  of  them  were  so 
time-consuming  as  to  render  them  worthless,  even  if  accurate  results  could 
be  obtained.  The  solvent  method  given  in  the  Preliminary  Report  was 
found  to  give  inaccurate  results  with  compounds  containing  much  litharge 
or  zinc  oxide,  but  gave  very  good  results  on  most  classes  of  compounds 
if  xylol,  instead  of  terebene  is  used  as  the  solvent.  It  has  since  been 
demonstrated,  however,  that  it  is  practically  impossible  to  obtain  correct 
results  on  an  important  class  of  compounds  and  that  method  was,  there- 
fore, abandoned. 

17.  Ashing  the  compound  gives  fairly  accurate  results  provided  ne 
volatile  or  decomposable  fillers  are  included.  This,  however,  cannot  be 
assumed  to  be  the  case.  In  the  method  which  the  committee  recommends, 
these  objectionable  fillers  are  largely  removed  before  the  compound  is 
ignited,  and  provision  is  made  for  testing  those  few  materials  which  are 
volatile,  but  not  removed.  This  method  is  a  modification  of  an  unpub* 
lished  one  devised,  some  years  ago,  by  G.  H.  Savage. 

18.  In  the  testing  of  this  method,  compounds  containing  most  of  the 
known  commercial  inorganic  fillers  were  analyzed.     Whiting,  talc,  mag- 
nesium, and  lead  compounds  and  barium  carbonate  which  are  objection- 
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able  in  direct  ashing  do  not  in  any  way  interfere  with  the  determination  of 
rubber  by  this  method.  A  number  of  organic  fillers  were  used,  but  these 
too,  did  not  cause  any  great  error. 

19.  The  securing  of  accurate  results  by  the  method  given  depends 
largely  on  two  things;  the  complete  solution  of  decomposable  fillers,  and 
the  removal  of  all  chlorides.  With  these  precautions,  the  analyst  is  almost 
certain  to  obtain  reasonably  accurate  results.  The  formula  for  calculating 
the  rubber  hydrocarbons  presents  no  difficulty  if  the  exact  quantities 
called  for  in  the  method  are  used. 

20.  The  rubber  as  it  is  weighed  under  C  contains  sulphur  in  combina- 
tion with  the  rubber.  On  ignition  sulphur  is  driven  off  with  the  rubber. 
By  determining  the  sulphur  before  aod  after  ignition,  the  amount  so  lost 
can  readily  be  calculated,  and  the  proper  correction  made. 

Total  Sulphur 

21.  The  sodium  peroxide  method,  specified  in  the  Committee's  Pre- 
liminary Report,  is  widely  used  in  the  analysis  of  wire  insulation,  and  is 
known  to  yield  accurate  results  on  such  compounds.  The  liability  of 
explosion  with  that  method,  however,  renders  it  somewhat  objectionable. 

It  will  be  noted  that  the  bromine-nitric-add  method  which  is  now 
specified  does  not  require  the  dehydration  and  separation  of  silica.  If  the 
filtrate  after  the  fusion  and  extraction  with  water,  is  acidified  in  the  cold, 
and  after  the  precipitation  of  the  barium  sulphate  the  solution  is  not 
permitted  to  concentrate  to  a  relatively  small  volume,  any  silica  which  is 
in  solution  will  remain  dissolved.  The  elimination  of  this  step  by  proper 
precautions  saves  considerable  time  without  in  any  way  interfering  with 
the  accuracy  of  the  determination. 

Interpretation  of  Results 

22.  Emphasis  is  laid  on  the  method  of  calculating  the  results.  The 
saponifiable  acetone  extract  and  the  unsaponifiable  resins  are  considered 
to  be  parts  of  the  rubber.  The  chloroform  and  alcoholic  potash  extracts, 
when  within  the  limits  specified,  are  also  so  considered.  Any  quantity 
in  excess  of  these  limits  is  assumed  to  be  due  to  foreign  substances  or 
in  case  of  chloroform  extract,  to  undervulcanized  rubber.  No  allowance 
is  made  for  the  ash  in  the  raw  rubber,  as  it  is  considered  to  be  negligible. 
This  method  of  calculation  has  to  be  adopted  if  the  rubber  found  is  to 
agree  with  that  originally  put  into  the  compound. 

Moisture 

23.  A  determination  of  moisture  is  not  given,  as  electrical  tests  will 
detect  its  presence  if  in  excess.  If  electrical  tests  are  required,  the  error 
introduced  by  the  omission  of  this  determination  is  very  small. 

Note: — With  a  procedure  of  this  length  it  is  impossible  to  explain  every  detail  without 
undue  elaboration,  and  the  committee  wishes  to  point  out  that  while  to  experienced  chemists 
the  procedure  may  seem  over  burdened  by  detail,  yet  every  specified  detail  was  found 
necessary  in  order  that  the  conditions  essential  to  accurate  and  consistent  work  might  be 
reproduced  by  all  chemists  using  the  procedure.  For  this  reason  it  is  extremely  important 
that  all  instructions  be  observed,  even  if  their  significance  is  not  perceived  by  the  individual 
chemist.  It  will  probably  be  found  that  even  with  the  instructions  properly  observed,  some 
experience  will  be  needed  to  apply  the  method  sticcessfuUy. 
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Part  VI — List  of  Important  Specifications  Containing  the  Joint 
Rubber  Insulation  Comiiittee's  Chemical  Clauses  or  Analytical 

Procedure 

American  Electric  Railway  (Engineering)  Association: 

Standard  Specification  for  Rubber  Insulated  Wire  and  Cable. 
American  Society  for  Testing  Materials: 

Proposed  Specifications  for  Insulated  Wire  and  Cable;  30-per 
cent  Hevea  Rubber. 
Association' of  Railway  Electrical  Engineers: 

Standard  Specifications  for  Wire  and  Cable. 
Interborough  Rapid  Transit  Co.^  Motive  Power  Department^  New  York: 

Specification  No.  2. 
New  York  Central  Railroad  Co.     Electrical  Department: 

Specification  No.  300. 
Panama  Canal: 

Office  of  General  Purchasing  Agent,  Circular  No.  1038. 
Signal  Corps,  U.  S.  Army: 

General  Specification  No.  581 — A.,  etc. 
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PREFACE. 

Those  familiar  with  the  history  of  the  electric  railway  in- 
dustry in  the  United  States  in  the  early  90's  and  subsequently 
for  a  decade,  will  recall  the  great  rapidity  with  which  the  electric 
railway  was  developed  and  the  litigation  that  resulted  between 
the  gas  and  water  companies  and  the  electric  railway  com- 
panies over  the  introduction  into  the  field  of  the  electric  rail- 
way using  a  grounded  return  circuit.  The  utility  companies 
whose  properties  were  threatened  with  damage  from  elec- 
trolysis due  to  these  grounded  return  circuits  of  the  railway  com- 
panies, attempted  by  all  legitimate  means  to  prevent  the 
acceptance  of  the  grounded  return  circuit,  with  the  result 
that  in  one  or  two  cases, — for  instance,  in  the  city  of  Cincinnati, 
a  complete  metallic  overhead  return  circuit  was  adopted  and  is 
still  in  operation,  but  the  electric  railway  operated  with  a 
grotmded  return  circuit  in  connection  with  the  overhead  trolley 
became  the  standard,  and  rapidly  spread  throughout  the  countr>% 
and  still  remains  the  standard  for  electric  traction  systems. 

At  first  when  the  electric  railway  systems  were  small,  and 
light  cars  were  used,  the  quantity  of  current  flowing  through 
the  rails  was  not  large,  and  the  possibility  of  damage  from 
electrolysis  was  comparatively  small,  but  as  the  systems  were  ex- 
tended and  the  weight  and  number  of  cars  greatly  increased, 
the  problem  became  much  more  serious,  and  began  to  demand 
special  attention.  It  is  only  within  the  past  four  or  five 
years  that  the  subject  has  been  sufficiently  well  understood 
by  engineers  generally  to  make  it  probable  that  their  opinions 
could  be  made  to  agree  upon  standard  methods  for  the  pre- 
ventioji  or  adequate  mitigation  of  electrolysis. 

At  the  present  time,  due  to  the  fact  that  the  grounded  return 
circuit  system  has  been  so  long  established  and  so  extensively 
adopted,  with  the  result  that  millions  have  been  invested  in 
copper  for  supplemental  rail  return  circuits,  the  engineers  now 
endeavoring  to  seek  a  solution  of  the  question  find  themselves 
confronted  with  the  problem  not  only  how  best  to  design  and  in- 
stall a  new  system  to  prevent  damage  from  electrolysis,  but  also 
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what  can  be  done  with  the  electric  railway  systems  as  they 
exist  in  cities  today. 

While  recourse  to  the  courts  has  always  been  open,  the  prov- 
ing in  court  of  the  precise  amount  of  damage  that  has  been 
occasioned  by  electrolysis,  as  distinct  from  other  causes,  and 
accurately  proportioning  such  damage  between  various  elec- 
trical companies,  has  made  the  fixing  of  responsibility  extremely 
difficult.  In  view  of  this  unsatisfactory  condition  it  was  thought 
best  by  the  National  Societies  representing  those  connected  with 
the  various  utilities  involved  to  take  up  the  subject  compre- 
hensively and  endeavor,  if  possible,  by  co-operation  among  them- 
selves and  with  other  interested  associations  and  corporations  to 
gather  and  classify  information,  and  if  then  found  feasible  to 
agree  upon  and  recommend  methods  which  without  being  finan- 
cially prohibitive  will  nevertheless  practically  eliminate  damage 
from  electrolysis. 

The  American  Institute  of  Electrical  Engineers  with  this 
object  in  view  invited  the  following  bodies  to  officially  appoint 
representatives  to  serve  upon  a  committee  for  which  the  name 
The  American  Committee  on  Electrolysis  was  finally  adopted: 

American  Electric  Railway  Association. 

American  Gas  Institute. 

American  Institute  of  Electrical  Engineers. 

American  Railway  Engineering  Association. 

American  Telephone  &  Telegraph  Company. 

American  Water  Works  Association. 

National  Bureau  of  Standards. 

National  Electric  Light  Association. 

Natural  Gas  Association. 
The  first  meeting  of  the  Committee  was  held  in  the  Directors' 
Room,  American  Institute  of  Electrical  Engineers,  33  West 
39th  Street,  New  York  City,  May  27th,  1913,  to  make  pre- 
liminary arrangements,  and  the  second  meeting  held  at  the 
same  place  on  February  25,  1914,  resulted  in  the  selection  of 
a  permanent  chairman  and  secretary,  and  the  appointment  of 
the  various  sub-committees. 

The  result  of  the  work  of  these  sub-committees  is  embodied 
in  the  various  sections  of  the  accompanying  report. 

Owing  to  the  complexity  of  the  subject  and  the  need  for 
thorough  discussion  in  the  several  technical  bodies,  and  for 
further  investigation  by  the  interests  involved  the  Committee 
has  thought  best  not  to  attempt  to  issue  a  final  report  at  the 
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present  time,  but  has  endeavored  to  present  the  subject  in  this 
preliminary  report  by  such  statements  of  fact  as  its  members  can, 
at  this  time,  unanimously  agree  upon,  with  the  expectation  that, 
after  the  consideration  of  these  statements  of  fact  by  the  bodies 
whom  the  members  of  this  committee  represent,  and  such  further 
investigation  as  may  be  necessary  by  the  Committee,  a  report 
will  ultimately  be  prepared,  embodying  principles,  rules  and 
recommendations  which  will  form  a  basis  for  solving  this  com- 
plicated  problem. 

New  York  City, 
September  21st,  1916. 
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I.  PRINCIPLES  AND  DEFINITIONS. 

A.    ELECTROLYSIS  IN  GENERAL. 

1.  Electrolysis  is  the  process  by  which  chemical  changes  are 
caused  by  an  electric  current,  independent  of  any  heating  effect. 

Note.  These  changes  usually  occur  in  a  water  solution 
of  an  acid,  alkali  or  salt.  By  the  passage  of  an  electric  current 
through  it,  water  (containing  a  trace  of  acid)  is  decom- 
posed into  hydrogen  and  oxygen,  copper  is  deposited  from 
a  solution  of  copper  sulphate,  silver  from  solutions  of  silver 
salts.  Electroplating,  electrotyping,  and  refining  of  metals 
by  electrodeposition  are  useful  applications  of  electrolysis 
in  the  arts.  Electrolysis  is  involved  in  the  charge  and 
discharge  of  storage  batteries,  and  in  the  operation  of 
primary  batteries. 

In  order  that  electrolysis  may  occur,  the  following  condi- 
tions must  be  present : 

(a)  There  must  be  a  flow  of  electric  current  through  a 
conducting  liquid  from  one  terminal  to  another; 

(b)  The  conducting  liquid  must  be  a  chemical  com- 
pound or  solution  which  can  be  altered  by  the  action  of  the 
electric  current. 

2.  Electrol3rte,  Electrode,  Anode,  Cathode.  The  electrolyte 
is  the  solution  (or  fused  salt)  through  which  the  electric  cur- 
rent flows;  the  conducting  terminals  are  the  electrodes;  the 
terminal  by  which  the  current  enters  the  solution  is  the 
anode;  the  terminal  by  which  it  leaves  is  the  cathode. 

Note.  The  chemical  changes  caused  by  the  current  may 
affect  both  the  electrolyte  and  the  electrodes.  In  the  case  of  a 
solution  of  copper  sulphate  with  copper  plates  as  electrodes, 
copper  is  removed  from  the  anode  by  the  current  and 
carried  into  solution;  an  equal  amount  of  copper  is  de- 
posited upon  the  cathode.  In  general,  the  metal  travels 
with  the  current  toward  the  cathode. 

3.  Amount  of  Chemical  Action.  {Faraday's  Law).  The  amount 
of  chemical  action  taking  place  at  the  anode  and  also  at  the 
cathode  (as  expressed  by  Faraday's  law)  is  proportional  to 
(1)  the  strength  of  current  flowing,   (2)   the  duration  of  the 
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current,  and  (3)  the  chemical  equivalent  weights  of  the  sub- 
stances. 

Note .  Otherwise  expressed ,  the  quantity  of  metal  or  other 
substance  separated  is  proportional  to  the  total  quantity 
of  electricity  passing  and  the  electro-chemical  equivalent 
of  the  substance  or  substances  concerned.  The  electro- 
chemical equivalent  of  a  metal  is  proportional  to  its  atomic 
weight  divided  by  its  valence.  Faraday's  law  is  so  exactly 
realized  in  practice  under  favorable  conditions  that  it  is 
used  as  the  basis  for  the  definition  of  the  international 
ampere,  one  of  the  fundamental  electrical  units. 

4.  Cause  of  Current  Flow.  The  current  flowing  through  the 
electrolyte  may  be  due  (1)  to  an  external  electromotive  force 
or  (2)  to  the  difference  of  potential  due  to  the  use  of  electrodes 
of  different  materials  or  to  solutions  of  different  concentrations. 

Note.  The  first  case  is  illustrated  by  electrolysis  of  dilute 
sulphuric  acid  using  two  lead  plates  and  an  external  batter>^ 
the  second  by  the  electrolysis  of  the  same  solution  using 
a  zinc  and  a  copper  plate,  which  touch  each  other  inside  or 
outside  the  solution.  The  first  occurs  in  charging  a  storage 
battery;  the  second  in  the  discharging  of  a  primary  battery 
or  a  storage  battery. 

6.  Electrolysis  by  Local  Action.  Instead  of  two  plates  of 
different  metals  the  same  result  may  follow  with  one  plate  if  it 
is  chemically  impure  or  otherwise  heterogeneous,  when  immersed 
in  dilute  acid. 

Note.  Such  a  plate  excites  local  currents  and  a  loss  of 
metal  occurs  at  all  the  anode  areas.  This  local  action  causes 
impure  zinc  to  dissolve  rapidly  in  a  solution  which  has  no 
action  on  pure  zinc. 

6.  Anodic  Corrosion  is  the  term  applied  to  the  loss  of  metal 
by  electrolysis  at  the  anode. 

Note .  When  iron  is  anode  the  iron  is  carried  into  solution 
by  the  current,  the  first  product  being  a  salt  of  iron,  the 
nature  of  which  depends  upon  the  character  of  the  elec- 
trolyte. In  dilute  sulphuric  acid,  ferrous  sulphate  is 
formed,  in  hydrochloric  acid,  ferrous  chloride,  etc.  These 
first  products  of  the  electrolysis  are  frequently  modified 
by  secondary  reactions. 

7.  Secondary  Reactions  are  the  chemical  changes  which 
occur  at  or  near  the  electrodes,  by  which  the  primary  products 
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of  electrolysis  are  converted  into  other  chemical  substances, 
and  are  sometimes  followed  by  other  reactions. 

Note  .  Ferrous  hydroxide  formed  by  the  imion  of  iron  with 
hydroxyl  ions  set  free  at  the  anode,  is  subsequently  con- 
verted into  iron  oxide  due  to  the  reactions  with  oxygen 
dissolved  in  the  electrolyte.  When  lead  is  cathode  in  an 
alkali  soil  or  solution,  the  alkali  metal  (such  as  soditun 
or  potassium)  reacts  with  water  at  the  cathode  and  forms 
alkali  hydroxide,  setting  free  hydrogen.  This  hydroxide 
may  (especially  after  the  current  ceases)  react  with  the 
lead  chemically  and  form  lead  hydroxide,  which  in  turn 
may  combine  with  carbon  dioxide,  forming  lead  carbonate. 

8.  Cathodic  Corrosion  is  the  term  applied  to  the  corrosion 
due  to  the  secondary  reactions  of  the  cathodic  products  of 
electrolysis,  as  described  in  the  preceding  paragraph.  The 
metal  of  the  cathode  is  not  removed  directly  by  the  electric 
current  but  may  be  dissolved  by  a  secondary  action  of  alkali 
produced  by  the  current. 

Note  :  The  anodic  corrosion  is  more  common  and  more 
serious;  cathodic  corrosion,  however,  sometimes  occurs  on 
lead  and  other  metals  that  are  soluble  in  alkali.  Cathodic 
corrosion  never  occurs  in  the  case  of  iron. 


B.    ELECTROLYSIS  OF  UNDERGROUND  STRUCTURES. 

9.  General.  In  the  electrolysis  of  gas  and  water  pipes,  cable 
sheaths,  and  other  underground  metallic  structures,  and  the 
rails  of  electric  railways,  the  moisture  of  the  soil  with  its  dis- 
solved acids,  salts,  and  alkalis  is  the  electrolyte,  and  the  metal 
pipes,  cable  sheaths  and  rails  are  the  electrodes. 

Note.  Where  the  current  flows  away  from  the  pipes, 
the  latter  serve  as  anodes  and  the  metal  is  corroded. 
Metal  or  gas  or  alkali,  according  to  the  nature  of  the  soil, 
will  be  set  free  at  the  cathode. 

10.  Self  Corrosion  is  the  term  applied  when  a  pipe  or  other 
mass  of  impure  or  heterogeneous  metal  buried  in  the  soil  is 
corroded  due  to  electrolysis  by  local  action. 

Note.  This  is  called  "self  corrosion"  because  the  elec- 
tric current  originates  on  the  metal  itself,  without  any 
external  agency  to  cause  the  current  to  flow.  Self  cor- 
rosion may  also  be  due  to  direct  chemical  action. 
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11.  Acceleration  of  Local  or  Self  Corrosion.  Self  corrosion  is 
accelerated  by  the  presence  of  acids  or  salts  in  the  soil  water 
which  lower  its  resistance  as  an  electrolyte,  and  also  by  cinders, 
coke  or  other  conducting  particles  of  different  electric  potential 
which  augment  the  local  electric  currents.  In  the  latter  case  the 
metal  need  not  be  heterogeneous. 

Note.  A  pipe  may  be  destroyed  in  a  relatively  short 
time  by  self  corrosion  or  local  action  if  buried  in  wet 
cinders  or  in  certain  soils. 

12.  Coefficient  of  Corrosion.  The  coefficient  of  electrolytic  cor- 
rosion, (sometimes  called  corrosion  efficiency)  is  the  quotient  of 
the  total  loss  of  metal  due  to  anodic  corrosion  (after  deducting 
the  amount  of  self  corrosion  if  any)  divided  by  the  theoretical 
loss  of  metal,  as  calcidated  by  Faraday's  law,  on  the  assumption 
that  the  corrosion  of  the  anode  is  the  only  reaction  involved. 

Note.  In  practice  it  is  found  that  the  coefficient  of 
corrosion  varies  widely  from  unity,  being  sometimes  as  low 
as  0.2  and  sometimes  even  above  1.5,  but  commonly  between 
0.5  and  1.1. 

13.  Anodic  and  Self  Corrosion.  Anodic  corrosion  due  to 
external  currents  and  self  corrosion  due  to  local  action  may 
occur  simultaneously,  and  the  former  may  accelerate  the  latter. 

Note  .  Hence  the  corrosion  due  to  a  given  current  plus  the 
increased  self  corrosion  induced  by  that  current  may  give 
a  greater  total  corrosion  than  called  for  by  Faraday's  law. 
This  explains  how  the  coefficient  of  corrosion  may  exceed 
unity. 

14.  Passivity  is  the  name  given  to  the  phenomenon  in  which 
a  ciurent  flows  through  an  electrolyte  without  producing  the 
full  amount  of  anodic  corrosion  which  would  occur  under  normal 
conditions. 

Note.  This  restricted  definition  of  passivity  has  regard 
only  to  its  effect  in  electrolysis.  Many  conditions  affect  the 
degree  of  passivity  attained,  an  initial  large  current  density 
being  favorable  to  it.  Plunging  iron  into  fuming  nitric 
acid  renders  it  temporarily  passive.  A  satisfactory  ex- 
planation of  passivity  has  not  been  given. 

16.  Polarization  Voltage  (sometimes  called  polarization  po- 
tential) is  the  temporary  change  in  the  difference  of  potential 
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between  an  electrode  and  the  electrolyte  in  contact  with  it  due 
to  the  passage  of  a  current  to  or  from  the  electrode.  This 
change  in  potential  difference,  is  due  to  the  change  in  the  con- 
ditions of  the  surface  of  the  electrode  or  change  in  the  con- 
centration of  the  electrolyte  (or  both),  and  under  some  con- 
ditions is  approximately  proportional  to  the  current  flowing, 
but  in  many  cases  is  not  so  proportional.  The  magnitude  of 
the  polarization  voltage  also  depends  on  the  material  of  the 
electrode,  the  nature  of  the  electrolyte  and  the  direction  of 
the  current. 

16.  Alternating  or    Frequently   Reversed    Direct   Currents. 

If  alternating  currents  (or  frequently  reversed  direct  cur- 
rents) flow  through  the  soil  between  pipes  or  other  under- 
ground metallic  structures,  the  metal  removed  during  the  half 
cycles  when  a  pipe  is  anode  may  be  in  part  replaced  when  it  is 
cathode.  Hence,  the  total  loss  of  metal  on  a  given  pipe  is  less 
than  one-half  of  what  it  would  be  if  the  pipe  were  an  anode 
with  direct  current  of  the  same  average  value  in  the  case  of 
frequently  reversed  direct  current  and  in  the  case  of  alternating 
current  at  commercial  frequency  it  is  less  than  1%  and  in  most 
cases  negligible.    (See  Section  52.) 

Note.  In  slow  reversals  of  current,  the  recovery  effect  is 
less,but  the  loss  will  be  less  than  with  direct  current  continu- 
ously in  the  same  direction  (excepting  possibly  where  the 
phenomenon  of  passivity  may  affect  the  result). 

17.  Action  on  Underground  Metallic  Structures.  Fara- 
day's Law  applies  to  electrolysis  of  metallic  structures  in 
soil  as  elsewhere,  the  total  chemical  action  being  proportional 
to  the  average  ciurent  strength  and  the  time  the  current  flows  and 
to  the  electrochemical  equivalent  of  the  metal  or  other  substances 
concerned.  Although  local  action  and  passivity  affect  the  loss 
of  metal  and  so  apparently  modify  Faraday's  law,  it  is  still  true 
that  the  total  chemical  action  resulting  from  the  current  flow 
is  proportional  to  the  total  current  when  local  currents  are  in- 
cluded. 

Note.  Sometimes  this  chemical  action  is  concerned  only 
with  corroding  the  anode;  sometimes  it  is  concerned  with 
breaking  up  the  electrolyte,  as  when  the  anode  is  a  noble 
metal  or  in  the  passive  state  (as  iron  and  lead  sometimes 
are) ;  sometimes  both  these  effects  occur. 

The  theoretical  loss   of  lead  from  a  lead  pipe  or  caMe 
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sheath  is  3.7  times  as  great  as  that  of  iron  (ferrous)  from 
an  iron  pipe  due  to  the  same  current  because  of  the  larger 
electrochemical  equivalent  of  lead. 

18.  Stray  Current.  If  the  railway  return  utilizes  the  grounded 
rails  of  t;he  tracks,  part  of  the  current  will  flow  off  the  rails  or 
other  grounded  rettuns  and  return  through  other  paths;  the 
current  observing  the  law  of  divided  circuits;  i.e.  the  ciurent 
flows  through  all  possible  paths  in  parallel,  the  strength  of  cur- 
rent in  each  path  being  inversely  proportional  to  its  resistance. 
This  statement  excludes  the  effect  of  polarization  on  rails  and 
underground  structures,  which  in  some  cases  is  appreciable. 

19.  Electrolysis  Mitigation.  The  two  primary  features  of 
electrolysis  mitigation  are  (1)  the  reduction  of  the  flow  of  ciu"- 
rent  through  the  earth  and  the  metallic  structures  buried  in  the 
earth,  (2)  the  reduction  of  the  anode  areas  of  such  structures 
to  a  minimum,  where  the  current  is  not  substantially  eliminated 
in  order  to  reduce  the  area  of  destructive  corrosion  as  far  as 
possible. 

Note:  The  current  in  the  undergroimd  metallic  struc- 
tures will  be  decreased,  other  conditions  remaining  the 
same,  by  (1)  increasing  the  conductance  of  the  return  cir- 
cuit, (2)  increasing  the  resistance  of  the  leakage  path  to 
earth,  (3)  increasing  the  resistance  between  the  earth  and 
the  underground  metallic  structures,  (4)  increasing  the  re- 
sistance of  the  underground  metallic  structures. 

The  anode  areas  of  the  underground  metallic  structures 
will  bejdecreased,  other  conditions  remaining  the  same,  by 
providing  suitably  placed  metallic  conductors  for  leading 
the  current  out  of  the  underground  structures  so  that  the 
flow  of  the  ctirrent  directly  to  the  earth  shall  be  minimized. 
This  will  change  a  portion  of  the  anode  area  to  cathode. 

20.  Electrolysis  Surveys.  A  term  applied  to  investigations 
made  to  determine  the  condition  of  grotmded  metallic  structtu-es 
and  the  soil  in  which  they  are  imbedded  and  of  the  overall  drops, 
potential  gradients,  local  potential  conditions,  current  densities, 
etc.  in  the  railway  tracks,  or  other  grounded  metallic  structures, 
and  positive  and  negative  feeders  connected  to  them  to  deter- 
mine what  conditions  tending  to  produce  damage  exist. 

21.  Overall  Potential  Measurements.  Overall  potential 
measurements  show  the  difference  in  electric  potential^  between 
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points  in  the  tracks  at  the  feed  limits  of  the  station  and  the 
point  in  the  tracks  which  is  lowest  in  potential,  and  are  obtained 
by  means  of  pressure  wires  and  indicating  or  recording  volt- 
meters. 

Note:  The  pressiire  wires  may  be  telephone  or  other 
wires  utilized  temporarily,  or  wires  permanently  installed 
for  the  purpose. 

22.  Potential  Gradients.  The  potential  gradient  is  the  rate 
of  change  of  electric  potential  along  the  rails  of  a  track  or  other 
grounded  structure  in  the  earth,  and  is  usually  expressed  in 
volts  per  thousand  feet  or  volts  per  kilometer. 

23.  Positive  and  Negative  Areas.  Positive  areas  are  those 
areas  where  the  current  is  in  general  leaving  the  pipes  or  other 
underground  metallic  structures  for  the  earth.  Such  areas  are 
often  called  danger  areas. 

Negative  areas  are  those  areas  where  the  current  is  in  gen- 
eral flowing  to  the  pipes  or  other  underground  metallic  structures. 

Note  :  As  the  current  often  flows  from  one  underground 
metallic  structure  to  another,  it  is  evident  that  within  a 
positive  area  there  are  local  negative  areas  and  vice  versa. 
Hence  the  terms  are  applied  somewhat  loosely,  and  according 
to  which  condition  predominates. 

Besides  the  positive  and  negative  areas  there  are  areas 
of  more  or  less  indefinite  extent  in  which  the  current  flow  be- 
tween metallic  underground  structures  and  earth  normally  re- 
verses between  positive  and  negative  values.  These  areas 
are  called  neutral  areas  or  neutral  zones. 

24.  Drainage  Systems.  A  drainage  system  is  one  in  which 
wires  or  cables  are  run  from  a  negative  return  circuit  of  an 
electric  railway  and  attached  to  the  underground  pipes,  cable 
sheaths  or  other  underground  metallic  structures  which  tend  to 
become  positive  to  earth,  so  as  to  conduct  current  from  such 
structures  to  the  power  station,  thereby  tending  to  reduce  the 
flow  of  current  from  such  structures  to  earth. 

Note.  Three  kinds  of  drainage  systems  may  be  dis- 
tinguished. (1)  where  direct  ties  with  wires  or  cables  are 
made  between  imderground  metallic  structures  and  tracks, 
(2)  where  uninsulated  negative  feeders  are  run  from  the 
negative  bus  to  underground  metallic  structures,  (3)  where 
separate  instdated  negative  feeders  are  run  from  the 
negative  bus  to  underground  metallic  structures,  or  a  main 
feeder  with^taps  to  such  structiu-es. 
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26.  Uninsulated  Track  Feeder  System.  An  uninsulated 
track  feeder  system  is  one  in  which  the  return  feeders  are 
electrically  in  parallel  with  the  tracks.  Under  such  circum- 
stances the  cables  may  be  operating  very  inefficiently  as 
current  conductors  and  as  a  means  of  reducing  track  voltage 
drop,  particularly  where  voltage  drops  in  the  earth  portion  of 
the  return  are  maintained  at  the  low  values  usually  required 
for  good  electrolysis  conditions.     (See  Section  47  (d)). 

26.  Insulated  Track  Feeder  System.  An  insulated  track 
feeder  system,  sometimes  called  an  insulated  return  feeder 
system,  is  one  in  which  insulated  wires  or  cables  are  run 
from  the  insulated  negative  bus  in  a  railway  power  station  and 
attached  at  such  places  to  the  rails  of  the  track  as  to  take  cur- 
rent from  the  track  and  conduct  it  to  the  station,  in  such  a 
manner  as  to  reduce  the  potential  gradients  in  the  tracks  and 
the  differences  of  potential  between  underground  metallic 
structures  and  rails,  and  so  reducing  the  flow  of  current  in  im- 
derground  metallic  structures.     (See  section  53). 

Note.  The  insulated  negative  feeders  may  run  separately 
from  the  negative  bus  to  various  points  in  the  track  network, 
or  a  smaller  number  of  cables  may  be  used  with  suitable 
resistance  taps  made  to  tracks  at  various  places. 

With  this  system  the  drop  of  potential  in  the  track 
feeders  is  independent  of  the  drop  of  potential  in  the  tracks. 
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METHODS  OF  MAKING  ELECTROLYSIS 
SURVEYS. 

A:  GENERAL. 

27.  General  Principles  of  Electrolysis  Surveys.  The  princi- 
pal measurements  made  in  electrolysis  surveys  of  under- 
ground structures  are  measurements  of  the  potential  differ- 
ences between  the  structure  tested  and  all  other  neighboring 
metal  structures  in  earth,  neighboiing  rails,  and  neighboring 
earth,  and  measurements  of  current  flow  on  selected  sections  of 
the  structural  system  under  test.  The  potential  difference  be- 
tween the  structure  tested  and  earth  affords  more  complete 
information  than  can  be  secured  from  the  results  of  any 
other  practicable  class  of  observations.  The  difficulties  are, 
however,  to  make  these  measurements  so  as  to  obtain 
the  true  potential  difference  between  the  earth  and  the 
earthed  structure,  and  frequently  also  to  obtain  contact  with 
earth  in  the  immediate  neighborhood  of  the  structure  tested. 
If  an  electrode  is  used  for  the  earth  potential  meastirement,  not 
consisting  of  the  same  metal  as  the  structure  tested  an 
error  may  still  be  introduced  due  to  difference  in  the  polariza- 
tion potential  of  the  two  electrodes.  A  non-polarizable  electrode 
has  been  devised  by  Dr.  Haber,  as  described  later  in  this  report, 
but  it  has  been  used  only  to  a  very  limited  extent  in  this  country. 
On  account  of  the  difficulties  of  making  earth  potential  measure- 
ments, measurements  of  the  potential  differences  between  the 
structure  that  is  being  surveyed  and  neighboring  metal  structures 
are  much  more  generally  made. 

Measurements  of  stray  current  flowing  in  selected  sections  of 
any  structural  system  are  practicable  if  a  suitable  length 
of  the  structure  can  be  made  accessible.  By  comparison  of  such 
measxirements  conclusions  can  be  reached  as  to  the  areas  in 
which  stray  ciurents  are  being  taken  from  or  delivered  to  the 
earth  and  as  to  the  amounts  of  current  which  are  concerned  in 
these  exchanges.  Measurements  of  this  character  usually 
cannot  be  made  on  sections  so  close  together  as  to  give  for 
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many  points  definite  values  for  the  current  flowing  to  or  from 
earth  on  account  of  the  high  cost  of  the  necessary  excavations 
and  permanent  replacements.  We  have  therefore  included  a 
description  of  the  "  earth  ammeter  **  which  has  been  used 
abroad,  and  to  a  limited  extent  also  in  this  coimtry,  for  ob- 
taining direct  measurements  of  current  flow  in  the  earth. 

A  survey  of  the  earthed  structures  which  are  liable  to  electrolytic 
corrosion  by  stray  currents  consists  in  making  such  observations 
relating  to  their  electrical  condition  as  may  determine  the  route 
followed  by  the  stray  current  and  its  degree  of  concentration, 
thereby  permitting  deductions  to  be  made  relative  to  the 
extent  and  the  intensity  of  the  electrolytic  injury  to  which 
the  structiu-es  may  be  subjected.  While  measurements  of 
potential  are  most  frequently  made  (to  such  an  extent  that 
the  term  **  Potential  Survey  "  is  often  applied  to  this 
work),  it  should  be  borne  in  mind  that  the  real  object 
of  the  survey  is  to  determine  where  current  may  flow  from 
structure  to  earth  or  from  earth  to  structure  and  the  magnitude 
of  the  current  flowing  for  each  of  the  smallest  sections  into 
which  the  structure  can  practically  be  subdivided. 

In  discussing  methods  of  survey,  the  measurements  of  poten- 
tial and  current  peculiar  to  each  class  of  earthed  structures  will 
first  be  described,  together  with  any  special  observations  or 
precautions  to  be  taken.  A  discussion  of  the  measurements  of  a 
general  nature  common  to  all  classes  of  structures  wiU  then 
follow.  Measuring  instruments  and  other  apparatus  employed 
in  connection  with  this  work  will  be  described  in  detail  in  the 
section  devoted  to  apparatus. 

28.  Electric  Railways.  Before  making  measurements  re- 
lating to  an  electric  railway  system  the  available  informa- 
tion as  to  its  extent,  its  construction  features  and  partictdarly 
the  arrangement  of  its  earthed  return  circuit  and  the  connections 
thereto  shotdd  be  collected.  The  best  available  maps  should 
be  procured  and  all  information  pertinent  to  the  electrolysis 
investigation  recorded,  either  by  annotation  on  a  suitably 
arranged  map,  or  in  some  other  convenient  form.  All  electrical 
connections  made  for  any  purpose  with  the  rails  or  other  parts 
of  the  return  circuit  shotdd  be  noted  with  special  care,  and  the 
location  of  any  structures  to  which  connection  is  thus  made 
ascertained  and  recorded. 

The  principal  measurements  to  be  made  upon  the  grounded 
return  system  of  an  electric  railway  are  as  follows:  QqOqIc 
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1.  Potential  differences  between  the  point  of  lowest 
potential  on  the  tracks,  and  selected  points  on  the  tracks 
throughout  the  feeding  district  of  the  station  under  observa- 
tion. 

2.  Potential  gradient  measurements  along  the  railway 
tracks  to  determine  the  difference  of  potential  between 
points  on  the  track  separated  from  each  other  by  dis- 
tances of  from  1,000  to  3,000  feet. 

3.  Differences  of  potential  between  all  points  where 
negative  feeders  or  other  connections  between  bus-bars 
and  rail  return  make  contact  with  track;  also  differences  of 
potential  between  these  points  and  the  station  bus-bar. 

4.  Currents  carried  by  each  separate  connection  between 
bus-bar  and  rail. 

For  most  of  the  potential  measurements  listed  above, 
it  is  necessary  to  have  available  insulated  wires  con- 
nected with  all  points  on  the  railway  return  system,  whose 
potential  relations  are  to  be  determined,  all  of  these 
insulated  wires  being  brought  to  some  common  point  so 
that  measurements  may  be  made  between  them.  Where  pilot 
wires  have  been  installed  by  the  electric  railway,  many,  if  not 
all  of  the  points  at  which  it  is  desired  to  make  tests  will  be 
accessible  without  the  necessity  of  any  special  preparations. 
Where  pilot  wires  are  not  available  or  where  it  is  desired  to 
reach  points  not  included  in  the  pilot  wire  system,  the  most 
economical  plan  will  be  to  procure  the  use  of  any  avail- 
able circuits  found  in  the  local  telephone  distribution 
system.  Short  lengths  of  insulated  wire  will  need  to  be 
run  to  connect  such  circuits  with  the  tracks  and  the  testing 
circuits  thus  established  can  readily  be  brought  together  at  some 
common  point  for  measurements  between  them .  Where  neither  of 
the  above  alternatives  is  available,  wires  can  be  installed  in  some 
temporary  manner  over  available  pole  line  routes  to  connect 
with  the  points  whose  potentials  are  to  be  observed.  Such 
wires  should  be  insulated  from  earth  except  at  the  point  where 
they  connect  with  the  tracks. 

When  the  testing  circuits  are  established,  the  required  poten- 
tial measurements  shotdd  be  obtained  by  connecting  to  a  volt- 
meter the  wires  leading  to  the  two  points  where  difference  of 
potential  is  to  be  determined.  The  voltmeter  should  be  kept 
in  circuit  and  under  observation  for  a  time  sufficient  to  insure 
that  the  normal  fluctuations  of  the  railway  load  have  been 
accounted  for.  When  long  time  observations  of  the  potential 
difference  between  two  points  are  desired,  a  recording  voltmeter       ^ 
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should  be  employed.  If  circuits  to  a  sufficient  number  of  points 
have  been  installed,  the  measurements  of  potential  gradient  in  the 
tracks  may  be  taken  by  connecting  the  proper  wires  at  the  central 
point  to  the  voltmeter.  If  the  requisite  number  of  pressure 
wires  for  gradient  tests  is  not  available,  these  measurements  may 
be  obtained  by  carrying  a  suitable  length  of  insulated  wire  along 
the  track  and  connecting  it  through  a  voltmeter  to  the  track  at 
the  two  points  between  which  the  gradient  is  to  be  measured. 

Measurements  of  current  flowing  in  negative  feeders  or  in 
other  connections  to  the  track  return  can  be  taken  by  inserting 
an  ammeter  in  the  circuit  to  be  measured,  when  this  is  possible, 
or  by  taking  the  voltage  drop  along  some  accessible  section  of 
the  connecting  lead,  which  is  sufficiently  uniform  in  dimensions 
to  permit  of  a  ready  calculation  of  its  resistance.  It  is  important 
that  all  such  measurements  of  current  should  be  taken  either 
simultaneously  with  measurements  of  potential  difference  be- 
tween the  bus-bar  and  the  track  end  of  the  connection,  or 
under  such  conditions  as  to  permit  of  their  accurate  correlation 
with  the  potential  observations.  A  station  load  curve  should 
also  be  obtained  on  account  of  the  information  which  it  gives 
as  to  the  characteristics  of  the  power  supply. 

Measurements  of  rail  bond  resistance  are  not  necessarily  a 
part  of  the  work  to  be  done  in  an  electrolysis  survey.  It  is, 
however,  occasionally  necessary  in  connection  with  a  survey  to 
test  the  resistance  of  partictdar  rail  bonds  in  order  to  obtain 
data  necessary  for  the  explanation  of  results  obtained  in  making 
some  of  the  regular  measurements.  When  such  tests  are  made, 
the  fall  of  potential  across  the  joint  in  the  rail  should  be  observed 
simultaneously  in  comparison  with  the  difference  of  potential 
for  some  short  measured  length  of  the  adjacent  rail.  If  one  of 
the  special  rail  bond  testing  devices  is  not  available  for  this  work, 
two  voltmeters  can  be  employed  and  read  simtdtaneously,  or  one 
voltmeter  can  be  connected  with  a  quick  acting  switch  and 
employed  so  as  to  secure  practically  simultaneous  observations. 
This  latter  method  may  give  unreliable  results  unless  a  large 
number  of  readings  are  averaged. 

29.  Earthed  Piping  Systems.  Before  tests  are  made  to 
determine  the  electrolytic  condition  of  any  piping  system, 
all  available  information  as  to  its  extent  and  the  character- 
istics of  its  construction  should  be  collected  and  studied.  The 
best  available  maps  of  the  system  should  be  procured  and  any 
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Special  information  of  importance  in  connection  with  an  elec- 
trolysis survey  not  noted  on  the  maps,  such  as  the  metals  of 
which  the  pipes  are  composed,  the  location  of  insulating  joints, 
the  relative  locations  of  other  piping,  and  cable  systems, 
the  location  of  electric  railway  tracks  and  return  circuits,  etc., 
should  either  be  recorded  upon  them  or  arranged  in  some 
convenient  form  for  reference. 

The  observations  which  should  systematically  be  taken  in  • 
examining  a  piping  system  are  as  follows: 

1.  Difference  of  potential  between  piping  system  and 
electric  railway  rails,  other  piping  systems,  cable  systems, 
metal  bridges,  steam  railway  rails,  etc.,  at  points  where 
these  cross  the  piping  system  or  come  in  close  proximity 
to  it.     (Potential  survey). 

2.  Measurements  of  potential  difference  between  ad- 
jacent hydrants,  or  adjacent  drip  or  service  connections. 
(This  will  serve  to  give  the  direction  of  the  current  flow- 
ing in  the  pipe  line  and  some  rough  indications  of  its 
amount). 

3.  Measurements  of  current  flowing  upon  exposed  sec- 
tions of  pipe.     (Current  survey). 

4.  Difference  of  potential  between  points  on  the  piping 
system  and  the  adjacent  earth  if  contacts  with  earth  can 
be  obtained: 

To  make  a  potential  stirvey,  potential  differences  between 
the  underground  pipes  and  rails  are  usually  measured  at  a 
niunber  of  points  along  every  street  where  there  are  pipes  and 
electric  railway  tracks.  Where  there  are  other  underground 
pipes  and  lead-sheathed  cable  systems,  it  is  desirable  to  make 
simultaneous  measurements  of  potential  difference  between 
the  piping  system  being  surveyed  and  the  neighboring  pipe 
and  cable  sheaths.  It  is  desirable  to  make  all  of  the  measure- 
ments of  potential  difference  at  any  one  point  simultaneously 
between  all  structures  tested.  Contact  with  the  underground 
pipes  for  these  potential  measurements  may  be  made  by  means 
of  service  pipes,  hydrants,  or  drip  connections.  The  connec- 
tions used  for  the  potential  measurements  may  be  tested  for 
electrical  continuity  by  means  of  an  ammeter  connected  be- 
tween the  contacts  with  a  dry  cell  in  series  if  necessary. 

Measurements  of  potential  difference  between  adjacent  test 
points  on  the  piping  system  should  also  occasionally  be  taken. 
As  the  resistance  of  pipe  joints  is  usually  not  uniform,  only 
an  approximate  idea  of  the  current  flowing  can  be  obtained 
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in  this  manner.     The  principal  object  of  this  test  is  to  obtain 
an  indication  of  the  direction  of  the  flow  of  current. 

It  is  therefore  desirable  to  make  a  rather  large  number  of 
these  tests  at  quite  frequent  intervals,  since  the  results  may 
be  interpreted  only  in  a  general  way;  individual  tests  may 
be  expected  to  vary  widely,  and  in  some  cases  they  may  even 
conflict.  This  test  may  be  made  for  shorter  intervals  and  in 
greater  detail,  where  some  sudden  change  of  potential  difference 
to  earth  or  neighboring  structures  has  been  observed.  Owing  to 
the  uncertainties  as  to  resistance  of  joints  it  is  best  not  to  at- 
tempt to  translate  these  voltage  readings  into  terms  of  current. 
They  may,  however,  be  used  in  comparisons  to  assist  in  fixing 
the  points  for  more  accurate  measurements  of  current  as 
described  in   the  next  paragraph. 

When  the  potential  observations  have  been  completed  and 
transferred  to  a  map  or  in  some  other  way  assembled  for  study, 
consideration  should  be  given  to  them  with  a  view  to  deter- 
mining what  parts  of  the  piping  system  appear  likely  to  be  re- 
ceiving substantial  amounts  of  current  from  earth  or  passing 
substantial  amounts  of  current  to  earth.  The  neutral  sections 
of  piping  between  positive  and  negative  potential  zones 
should  also  be  located.  With  this  information  at  hand  sections 
of  the  piping  system  should  be  selected  both  in  the  positive 
and  negative  zones  and  in  the  neutral  area  at  which  excavations 
can  be  made  and  determinations  of  the  current  flowing  in  the 
pipes  obtained.  In  selecting  points  for  excavations,  preference 
should  in  general  be  given  to  the  main  piping  routes,  but 
attention  shotdd  also  be  given  to  any  branch  lines  which  appear 
likely  to  be  receiving  or  delivering  relatively  large  amounts  of 
current.  Any  cases  where  sections  of  the  system  located  with- 
in the  "negative  area"  give  positive  readings  to  earth,  should 
also  be  given  preference  in  this  study. 

The  method  of  measuring  current  consists  in  determining  the  fall 
of  potential  along  a  measured  length  of  pipe  of  known  di- 
mensions. For  the  purpose  of  this  measurement  it  will  generally, 
be  found  advisable  to  attach  insulated  wires  permanently  to 
the  pipe  and  to  carry  them  to  some  suitable  point  underneath 
the  sidewalk  from  which  they  may  be  led  up  to  the  surface  to 
terminate  in  service  or  other  suitable  boxes  so  as  to  be  available 
for  measurements  of  current  in  the  future  after  the  excavation 
has  been  filled.  (See  Fig.  1.)  Tables  giving  the  resistances  of  unit 
lengths  of  pipe  of  different  diameters  and  materials  are  attached 
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to  this  report.  (See  Appendix  Tables  9-10).  The  current  flowing  in 
the  pipe  may  be  obtained  by  computation  from  the  observed 
drop  of  potential  and  the  unit  resistance  for  the  class  and 
weight  of  pipe. 

In  addition  to  the  observ^ations  made  upon  the  piping  system, 
careful    attention  should   be  given   to   the  condition   of   the 
service  pipes   to   buildings,  particxilarly  in  locations  where  the 
services  cross  other  piping  systems,  cable  systems,  etc.     The 
potential  between  these  service  pipes  and  earth  and   between 
the  service  pipes  and  the  other  earthed  structure  crossed  should 
be  determined.  -  It  will  not  be  within  the  scope  of  the  usual 
siurey  to  determine  the  condition  of  all  service  pipes  in  the 
area  covered,    but   it   is   desirable  that  some  of  the   services 
be  tested  in  order  to  ascertain  whether  there  is  any  serious 
tendency  towards  the  local  electrolytic  corrosion  of  service 
pipes.     When  buildings  are  entered  for  the  purpose  of  testing 
service  connections,  tests  of  potential  shoxild  always  be  made 
to  any  other  service  pipes  or  cables  which  enter  the  same  build- 
ing, in  order  to  detect  cases  where  one  structural  system  is 
making  contact  with  the  other.     Current  measurements  may 
also  conveniently  be  made  on  service  pipes  in  buildings,  since 
the  pipes  are  exposed.     Such  tests  should  be  made  frequently, 
as  they  often  reveal  an  interchange  of  stray  current  between 
piping  systems  which  may  be  in  contact  in  the  building. 

30.  Underground  Cable  Systems.  Before  tests  are  made 
to  determine  the  electrolytic  condition  of  any  cable  system, 
all  available  information  as  to  its  extent  and  the  charac- 
teristics of  its  construction  should  be  studied.  Available 
maps  of  the  system  should  be  procured  and  any  special  in- 
formation of  importance  in  connection  with  an  electrol)rsis 
survey  not  noted  on  the  maps,  such  as  the  metals  used  for  the 
armor  or  sheathing  of  cables,  the  location  of  drainage  connec- 
tions, insulating  joints  and  other  protective  devices,  the  relative 
locations  of  other  cable  systems  and  of  piping  systems,  the 
location  of  the  electric  railway  tracks  and  return  circuits,  etc., 
should  either  be  recorded  by  annotation  upon  them  or 
arranged  in  some  convenient  form  for  reference. 

The  observations  which  should  systematically  be  taken  in 
examining  the  cable  system  are  as  follows: 

1.  Difference  of  potential  between  the  cable  system  and 
electric  railwaylrails,  other  cable  systems,  pipmg  systems. 
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metal  bridges,  steam  railway  rails,  etc.,  at  points  where 
these  cross  the  cable  system  or  come  in  close  proximity 
to  it. 

2.  Difference  of  potential  between  points  on  the  cable 
system  and  the  adjacent  earth. 

3.  Difference  of  potential  between  cables  in  the  same 
subway  system  where  they  are  not  cross  bonded. 

4.  Current  flowiAg  upon  the  cables. 

In  making  surveys  the  potential  of  the  cable  with  respect  to 
the  adjacent  earth  should  always  be  determined  at  each  test- 
ing point.  In  original  surveys  the  greatest  practicable  number 
of  testing  points  should  be  utihzed.  In  some  systems  it  will 
be  desirable  to  test  at  every  manhole,  but  in  extensive  networks 
of  power  cables  it  will  ordinarily  be  sufficient  to  test  at  less 
frequent  intervals  in  many  districts,  if  tests  are  made  at  shorter 
intervals  in  the  most  important  places.  The  potential  difference 
between  the  cable  and  rails  in  the  same  street  should  also  be 
determined,  but  in  cases  where  the  street  railway  rails  parallel 
the  cable  route  for  a  considerable  distance,  such  tests  may  be 
made  less  frequently.  If  pipes  or  other  earthed  metallic  struc- 
tures run  close  to  the  cable  system  at  the  point  of  testing,  it  is 
desirable  that  the  potential  difference  between  the  cable  system 
and  the  other  structure  be  determined,  provided  an  electrical 
connection  can  be  made,  e.g.,  through  a  hydrant,  etc. 

Tests  to  determine  the  direction  and  amount  of  stray  current  • 
flowing  on  the  cable  sheaths  should  be  made  at  appropriate 
intervals.  In  fairly  simple  cable  systems,  with  few  laterals, 
it  may  be  sufficient  to  make  these  tests  at  comparatively  infre- 
quent intervals,  such  as  every  fifth  manhole.  In  complicated 
networks,  however,  such  as  power  distribution  systems  with 
many  branches  and  service  connections,  it  will  generally  be 
desirable  to  test  more  frequently.  The  current  flowing  on  the 
cable  sheath  is  to  be  calculated  from  the  observed  fall  of  potential 
over  a  measured  length  of  sheath,  and  the  known  resistance  of 
this  length  of  sheath.  A  table  for  determining  current  on  lead 
cable  sheaths  from  voltage  drop  in  measured  length  of  sheath  is 
appended.    (See  Table  11.) 

In  the  course  of  the  survey,  measurements  should  also  be 
made  of  the  current  flowing  in  any  dreiinage  connections  or  in 
any  accidental  connections  which  connect  the  cable  system  with 
the  electric  railway  return  if  any  such  exist.  In  case  insulating 
joints  have  been  inserted  to  protect  any  parts  of  the  cable 
system  from  electrolytic  corrosion,   measiu-ements   of  the  po- 
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tential  difference  between  cable  sheath  and  earth  should  be 
made  at  each  side  of  the  insulating  joint,  and  also  of  the  dif- 
ference in  potential  across  the  joint. 

In  a  preliminary  study  it  shotdd  be  ascertained  whether 
it  is  the  local  practice  to  insxilate  from  the  main  cable  system 
those  branches  which  enter  buildings.  When  such  branches  are 
not  insidated  from  the  msiin  system,  tests  of  difference  of  potential 
should  be  made,  between  the  branch  cable  and  any  pipes  or  other 
cables  which  may  enter  the  same  building.  From  such  tests 
it  may  be  ascertained  whether  there  are  accidental  contacts 
between  the  cable  system  and  other  earthed  structures  within 
buildings,  and  if  any  such  are  found  in  a  portion  of  the 
total  number  of  installations,  a  conclusion  can  then  be 
reached  as  to  the  desirability  of  checking  the  conditions 
in  ajl  buidlings  entered.  In  localities  where  it  is  the  practice 
to  insulate  from  the  main  system  cable  branches  entering 
buildings,  the  possibility  of  defective  insulation  should  be 
checked  by  measuring  the  potential  difference  between  cable 
inside  of  the  building  and  cable  outside  at  some  point  beyond 
the  supposed  location  of  any  insulating  joint.  Tests  for  differ- 
ences of  potential  between  the  branch  cable  and  other  metal 
structures  within  a  building  can  be  omitted  in  case  the  insulating 
joint  is  found  to  be  in  good  condition. 

The  condition  of  the  bonds  installed  to  equalize  the  potential 
of  the  cables  entering  such  manhole  should  be  observed  and 
noted.  If  bonds  are  lacking,  or  if  it  is  suspected  that  the  con- 
dition of  any  bond  is  faulty,  observations  of  the  difference  of 
potential  between  the  cables  should  be  taken  and  recorded. 

31.  Bridges,    Buildings    and    Other    Earthed     Structures. 

Through  the  study  of  maps,  etc.,  collected  as  preparatory 
data  for  surveys  of  piping  and  cable  systems,  informa- 
tion will  presumably  have  been  secured  concerning  the  locations, 
and  some,  at  least,  of  the  structural  characteristics,  of  the 
highway  and  railway  bridges  located  within  the  area  to  be 
studied.  The  locations  of  steam  railway  tracks  will  similarly 
have  been  obtained. 

In  making  electrolysis  surveys  of  bridges,  measurements  of 
potential  to  earth  shoidd  be  made  at  each  end  of  the  metal 
structure.  In  case  the  bridges  are  crossed  by  electric  railway 
tracks,  piping  systems  or  cable  systems,  measurements  should 
also  be  made  from  the  metalwork  of  the  bridge  to  these  struc- 
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tures  to  determine  whether  there  is  any  difference  in  potential 
between  them.  Where  the  metalwork  of  the  bridge  structure, 
piers,  or  other  intermediate  supports  makes  contact  with  earth 
or  with  water,  measurements  of  potential  difference  to  earth 
or  to  water  also  should  be  made.  The  observer  should  follow 
up  closely  any  indication  of  poor  electrical  contact  between 
different  sections  of  the  metalwork  of  the  bridge,  or  between 
the  metalwork  and  any  otTier  of  the  earthed  structures  crossing 
the  bridge  which  are  supposed  to  be  in  good  electrical  contact 
with  the  metalwork. 

In  the  course  of  the  survey,  metal  frame  buildings  may  be  found 
in  locations  where  it  would  be  possible  for  them  to  collect  appreci- 
able amounts  of  current,  either  directly  through  the  earth  or 
indirectly  through  the  contact  of  rails,  pipes,  or  cables  with 
the  framework.  If  it  appears  that  such  contacts  exist,  measure- 
ments by  the  fall  of  potential  method  shoidd  be  made  to  ascer- 
tain whether  appreciable  currents  are  flowing  into  the  building 
through  these  contacts,  if  this  is  found  to  be  the  case  tests  should 
be  made  at  a  number  of  points  from  the  building  structure  to 
ground  for  the  purpose  of  determining  where  the  current  leaves 
the  framework  and  whether  there  is  any  indication  that  ap- 
preciable damage  is  being  done.  In  the  case  of  buildings 
extending  over  a  considerable  area  it  is  desirable  that  measure- 
ments of  potentials  be  made  from  the  framework  to  earth  at 
a  number  of  points,  even  in  case  no  contacts  are  found  between 
the  metal  framework  of  the  building  and  other  metal  structiu'es 
which  may  be  carrying  stray  currents. 

32.  Steam  Railway  Rails.  Steam  railway  rails,  either  through 
direct  contact  with  electric  railway  rails  or,  in  the  absence  of  an 
insulating  ballast,  through  contact  with  earth,  are  liable  at 
times  to  collect  and  discharge  appreciable  amounts  of  stray 
current,  and  this  may  occur  in  such  a  manner  as  to  be  detri- 
mental to  the  track  rails,  spikes  and  adjacent  earthed  structures. 
Because  of  this,  as  has  already  been  indicated,  measurements  of 
potential  to  steam  railway  rails  should  be  made  whenever  the 
structures  that  are  being  surveyed  are  in  close  proximity  to  steam 
railway  tracks,  and  it  is  also  desirable  to  determine  directly  by 
survey  the  condition  of  metal  steam  railway  bridges  as  well  as 
the  condition  of  metal  highway  bridges.  When  steam  railways 
are  equipped  for  electric  block  signaling  the  signal  battery  will 
affect  the  potential  of  the  rails.  The  potential  due  to  the  signal- 
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ing  connection  is,  however,  practically  uniform  in  value  and  can 
be  determined  through  observations  made  at  times  when  no 
stray  current  can  be  flowing.  With  this  potential  fixed,  a  con- 
clusion as  to  the  presence  and  amount  of  any  potential  can 
readily  be  reached. 

33.  General  Survey  Practices.  All  measurements,  excepting 
24-hour  records,  should  be  made  dufing  the  period  of  normal 
load  on  the  portions  of  the  railway  system  which  are  suspected 
of  being  the  sources  of  stray  currents.  In  general,  it  is  desirable 
to  express  the  results  of  short  time  measurements  in  terms  of 
''average  day  load"  on  the  railway  system.  In  localities  distant 
from  the  source  of  railway  power  supply,  the  foregoing  consid- 
erations make  it  necessary  to  take  into  account  the  presence 
or  absence  of  moving  cars  at  points  beyond  the  testing  station, 
especially  on  the  tracks  nearest  to  the  structure  which  is  being 
tested.  In  such  localities  the  duration  of  a  test  should  be  ex- 
tended to  include  at  least  one  complete  cycle  of  car  movement, 
unless  previous  experience  at  other  testing  points  in  the  immediate 
neighborhood  have  clearly  indicated  that  parts  of  the  cycle 
may  safely  be  neglected.  As  the  railway  lines  converge  toward 
a  common  center,  or  as  the  source  of  railway  power  supply 
is  approached,  the  probability  of  normal  load  condition  increases 
but  even  under  these  conditions  it  is  necessary  for  the  tester  to 
insure  that  the  railway  load  conditions  are  substantially  normal, 
when  measurements  are  being  made. 

At  a  number  of  points  observations  of  potential  differences 
and  of  current  flowing  along  the  structure  shotdd  also  be  made 
with  24-hour  recording  instruments  and  the  characteristics  of 
these  currents  and  potentials  compared  with  the  characteristics 
of  railway  load  curves.  This  will  serve  to  indicate  whether 
the  current  and  the  potential  are  identified  with  the  railway 
source.  The  24-hour  averages  for  currents  and  potentials 
obtained  at  these  points  of  measurement  will  also  be  of  use  in 
indicating  what  allowances  should  be  made  in  the  readings 
taken  systematically  at  aU  points  of  the  system  in  order  to 
make  them  represent  the  average  day  conditions. 

During  observations  of  potential  or  current  the  movements 
of  the  needle  in  the  measuring  instrument  should  be  closely 
watched  so  that  the  maximum  and  minimum  readings  may  both 
be  obtained  as  well  as  any  change  in  the  polarity  of  the  potential 
or  in  the  direction  of  the  current.    The  observer  should  also  bear 
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in  mind  that  collected  results  of  the  individual  tests  will  be 
plotted  on  a  map  or  otherwise  compared  so  as  to  get  a 
general  idea  of  the  conditions  prevailing.  When,  therefore, 
there  is  reason  to  believe  that  the  recorded  maxima  and  minima 
are  abnormal,  notes  should  be  made  giving  the  reasons  for  such 
a  belief  and  indicating  the  value  which  is  thought  to  be 
more  nearly  comparable  with  the  values  obtained  at  other 
points. 

In  regular  field  survey  work  portable  measuring  instruments, 
will  be  found  most  suitable  for  the  great  majority  of  the  measure- 
ments to  be  taken.  Occasionally,  however,  conditions  will 
arise  under  which  it  is  desired  to  observe  the  potential  or  the 
current  at  some  particular  point  for  several  hours  and  even 
for  one  or  more  24-hour  cycles.  In  the  case  of  such  long  period 
observations  recording  voltmeters,  millivoltmeters  and  am- 
meters will  be  found  of  great  assistance  and  should  be  employed 
if  available.  Instruments  of  this  kind  are  described  in  the 
apparatus  section.     (Sec.  35-39.) 

When  bodies  of  water  or  areas  of  swampy  earth  cross  or  are 
located  in  close  proximity  to  earthed  structures,  stray  current 
may  flow  from  the  structure  to  earth  locally.  This  is  par- 
ticularly true  if  the  water  is  brackish  or  salty.  In  case  such 
relatively  high  conductive  sections  of  the  earth  afford  a  path 
of  lower  resistance  for  the  return  of  current  than  the  structure 
itself,  the  probability  of  a  large  flow  of  current  to  earth  is 
considerable.  The  flow  of  current  from  the  earthed  struc- 
ture is  not  necessarily  stopped  when  such  highly  conductive 
strata  have  been  hidden  by  building  over  them  or  by 
filling  in  with  surface  soil.  It  is,  in  consequence,  neces- 
sary to  observe  closely  the  physical  geography  of  the 
areas  covered  by  the  survey  and  unless  the  observer  is  per- 
sonally familiar  with  the  history  of  the  locality  and  the 
changes  which  have  occurred,  it  is  desirable  for  him  to 
ascertain  the  facts  from  those  familiar  with  them.  If  the 
structure  under  observation  is  accessible  for  tests  at  intervals 
of  a  few  hundred  feet  and  care  is  taken  to  make  tests  of  potential 
to  earth  at  all  of  these  points,  the  presence  of  any  condition  which 
tends  to  cause  the  localized  flow  of  current  from  the  structure 
to  earth  will  usually  be  detected.  While  the  labor  of  making 
the  survey  is  increased  through  the  necessity  of  such  frequent 
observations,  it  is  preferable  to  include  all  accessible  points  in 
the  original  survey   and  to  eliminate  testing  points  in  subs^- 
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quent  surveys  when  sufficient  experience  has  been  gained  to 
indicate  that  greater  distance  between  points  of  observation 
is  safe. 

When  the  electric  railways  in  the  area  under  investigation 
receive  current  from  two  or  more  sources  of  supply  and  there 
are  indications  that  electrolytic  damage  is  occurring  at  any 
point  upon  the  earthed  structtires  investigated,  it  may  become 
necessary  to  ascertain  the  origin  of  the  current  causing  the 
injury.     The  preliminary  study  of  the  electric  railway  system 
or  systems  will  have  included  the  detailed  methods  for  distri- 
buting power,  whether  the  trolley  systems  are  interconnected 
or  divided  into  insulated  sections  and  whether  or  not  all  of  the 
rails  are  interconnected  at  junctions,  etc.,  as  well  as  the  methods 
of  bonding  and  cross-bonding.     If  the  trolley  is  supplied  from 
several  sources  in  parallel,  the  effect  of  any  one  of  these  upon 
the  distribution  of  stray  currents  may  most  easily  be  studied  in 
connection  with  the  starting  or  shutting  down  of  that  particular 
source.    When  substations  are  operated  only  during  part  of  the 
day,  tests  may  be  arranged  to  take  advantage  of  this.      When 
the  substations  are  continually  in  operation,  resort  may  be  had 
to  the  method  of  simultaneously  observing  the  load  indicated  by 
the  station  instruments,  and  the  quantities  to  be  measured  on 
the  structure  being  surveyed.     Recording  instruments  are  often 
useful  for  this  purpose. 

When  the  soiurces  of  power  are  not  suppl5dng  the  trolley 
in  parallel  but  are  confined  to  certain  definite  districts,  a  close 
study  of  the  railway  schedule  should  be  made  as  it  will  fre- 
quently be  possible  to  select  some  set  of  conditions  where  the 
current  at  points  of  observation  must  be  coming  almost  wholly 
from  one  of  the  sources  on  account  of  the  relative  positions 
of  cars,  etc.  Where  two  electric  railways  operate  independently 
without  connection  between  their  trolleys  but  with  inter- 
sections or  junctions  between  their  tracks,  the  situation  is 
similar  to  that  just  described  where  the  railway  trolley  is  divided 
into  insulated  sections  and  the  same  methods  of  investigation 
can  be  followed.  Where  there  is  no  connection  bet\^een  either 
trolleys  or  tracks  of  two  independently  operated  electric  rail- 
ways this  same  method  should  also  be  followed,  i.e.,  of  ob- 
serving stray  current  conditions  when  one  road  is  using  con- 
siderable current  in  the  immediate  neighborhood  and  the  other 
road  is  using  little  or  none  and  comparing  the  observations 
with  those  obtained  when  both  roads  are  using  normal  amounts 
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of  current  in  the  neighborhood.  It  is  to  be  noted  that  when 
two  railways  are  without  any  electrical  interconnections  be- 
tween either  trolleys  or  tracks,  the  track  return  of  either  may 
carry  stray  current  from  the  other  railway  and  if  the  track 
return  is  of.  high  conductivity  it  may  assist  materially  in  pro- 
ducing adverse  electrolytic  conditions  on  other  earthed  struc- 
tures particularly  in  cases  where  it  provides  a  short  route 
between  two  points  between  which  considerable  potential  dif- 
ference exists. 

The  earth  ammeter,  previously  referred  to,  may  occasionally 
be  found  useftd  in  checking  up  conditions  indicated  in  the 
systematic  survey  observations.  The  construction  of  the  de- 
vice is  described  in  the  apparatus  sections.  If  care  is  taken 
to  have  the  plates  placed  perpendicular  to  the  direction  of  cur- 
rent flow,  the  current  density  at  the  point  of  measurement 
may  be  indicated  by  the  current  flowing  through  the  instru- 
ment. If  necessary,  the  lines  of  current  flow  may  be  deter- 
mined by  voltage  readings  between  test  electrodes  before 
burying  the  instrument. 

The  greatest  care  should  be  taken  in  placing  the  instrument 
to  avoid  unnecessary  disturbance  of  the  soil,  in  order  that  the 
flow  lines  may  follow,  as  nearly  as  possible,  their  normal  direc- 
tions. 

Whenever  excavations  or  other  exposures  of  pipe  surfaces 
make  it  possible,  measurements  of  the  resistance  of  pipe  joints 
should  be  made.  Where  the  joints  are  of  moderate  resistance, 
that  is,  not  so  high  as  to  prevent  current  flow  upon  the  pipes, 
this  measurement  may  be  made  by  simultaneous  observations 
of  the  fall  of  potential  across  the  joint,  and  along  a  measured 
length  of  the  pipe ;  the  pipe  joint  resistance  may  then  be  expressed  " 
as  equivalent  length  of  pipe,  or,  by  reference  to  tables,  in  ohms. 
These  measurements  are  of  importance  in  indicating  the  char- 
acteristics of  the  pipe  line  as  an  electrical  conductor,  in  estimating 
the  probability  of  corrosion  at  joints  due  to  shunting,  etc. 

Wherever  the  surfaces  of  the  earthed  structures  under  in- 
vestigation are  exposed  during  the  course  of  the  tests,  their 
conditions  should  be  noted.  The  pitting  of  the  metal  stuiaces 
or  the  presence  upon  the^  of  rust  or  other  oxidation  products, 
or  an  obvious  reduction  in  the  thickness  of  the  metal  or  any 
other  evidence  that  corrosion  has  taken  place,  is  not  of 
itself  direct  evidence  that  electrolytic  corrosion  has  oc- 
curred.    Corrosion  from  any  cause  whatever  would  be  expected        j 
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to  reduce  the  thickness  of  the  metal,  and  the  rate  at  which  such 
corrosion  occurred  and  its  possibilities  in  the  way  of  irregidarity 
of  attack  on  different  portions  of  the  siuiace,  would  determine 
the  occurrence  of  pitting.  Many  of  the  products  of  corrosion 
which  will  be  encountered  can  also  be  produced  through  purely 
chemical  reactions,  as  well  as  by  electrolysis.  When  the  meas- 
urements made  in  the  survey  demonstrate  that  current  is  flow- 
ing from  structure  to  the  earth  at  the  point  where  corrosion  is 
observed,  conclusions  can  be  drawn  as  to  the  causative  relation 
between  the  presence  of  stray  current  and  the  evidences  of  cor- 
rosion. Whatever  the  conditions  found  in  the  survey  readings, 
the  condition  of  obviously  corroded  metal  surfaces  should  always 
be  carefully  noted,  as  it  is,  of  course,  always  possible  that  at  some 
past  time  stray  current  has  been  flowing  from  the  surfaces  to 
earth,  or  that  some  local  condition  has  been  favorable  to  the 
**  self -corrosion  "  of  the  structure.  Points  where  substantial 
corrosion  of  the  structures  under  investigation  is  found,  are 
always  to  be  regarded  as  good  locations  for  taking  the  samples 
of  soil  referred  to  in  the  following  paragraph. 

It  is  often  desirable  to  gather  data  relative  to  the  electrical 
and  chemical  characteristics  of  the  soils  in  the  area  studied.  As 
different  types  of  soil  are  encountered  in  the  course  of  the  survey 
either  in  the  making  of  excavations  or  through  the  observation 
of  changes  in  surface  conditions,  samples  shotdd  then  be  taken 
and  their  electrical  conductivities  determined.  It  is  often 
desirable  also  to  make  chemical  analysis  of  a  nimiber  of  samples 
of  ground  waters  and  of  the  water-soluble  portion  of  soil  samples 
secured  for  conductivity  tests. 

34.  Application   of   Remedial   Measures — Re-surveys.     The 

survey  methods  described  in  the  previous  paragraphs  include 
practically  all  of  the  work  which  would  be  done  in  an  extensive 
original  survey,  that  is,  in  a  district  where  no  work  had  been 
done  previously.  While  this  problem  in  all  of  its  aspects  has 
been  investigated  in  only  a  few  American  communities,  it  will 
be  found  that  more  or  less  complete  surveys  have  been  made  in 
almost  any  area  traversed  by  electric  railways. 

The  test  methods  described  are  not.  all  of  equal  value  for  all 
problems;  their  application  depends  upon  the  particular  prob- 
lem under  consideration.  Further,  many  of  the  tests  require 
considerable  experience  and  technical  skill  in  application,  to 
avoid  erroneous  and  misleading  results.     For  thieve  reaspns. 
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extensive  surveys  should  only  be  undertaken  by  experienced 
investigators. 

Following  the  completion  of  the  original  survey,  a  decision 
will  be  reached  as  to  whether  measures  for  mitigating  electro- 
lytic corrosion  are  necessary,  and  if  so,  what  methods  are  to  be 
applied.  Conclusions  as  to  the  effectiveness  of  any  protective 
measures  should  be  based  upon  repetitions  of  the  test  made  in 
the  orginal  survey.  The  amount  of  repetition  necessary  will 
depend  upon  the  character  of  the  protective  meastu-es  adopted. 
Thus,  general  improvements  in  railway  return  circuits  will 
ordinarily  require  a  complete  re-survey  of  the  affected  area. 
The  instaUation  of  an  insulating  joint  between  the  main  line 
structure  and  a  branch  should,  on  the  other  hand,  require  little 
more  than  tests  over  short  sections  either  side  of  the  joint,  to 
determine  that  the  current  flowing  has  been  reduced  and  that 
no  objectionable  corrosive  conditions  have  been  introduced  at 
the  joint  itself. 

If  railway  return  circuits  are  being  changed,  some  observa- 
tions of  overall  potentials  and  potential  gradients  will  naturally 
be  made  during  the  course  of  reconstruction,  to  check  the  design 
upon  which  the  work  has  been  based.  Observations  should  be 
made  before  installing  drainage  systems  for  cables,  if  necessary 
using  available  conductors  temporarily  to  connect  the  cable 
sheath  and  the  railway  bus-bar  or  some  other  suitable  point 
on  the  railway  return,  and  the  effect  of  drawing  current  from 
the  cable  system  observed.  The  installation  of  such  protective 
measures  as  insulating  joints  or  insulating  coverings  should  be 
carefully  supervised  as  much  depends  upon  the  thoroughness 
with  which  the  work  is  done. 

In  re-surveys  after  the  installation  of  protective  measures, 
the  character  of  the  underground  structure  will  make  it  necessary 
to  pay  special  attention  to  some  particular  class  of  observations. 
With  piping  systems  and  power  distributing  cable  systems 
special  attention  should  be  given  to  the  amount  of  stray  cur- 
rent flowing  on  the  structures,  since  a  principal  object  of  the 
remedial  measures  will  have  been  a  reduction  in  this  current. 
When  insulating  joints  have  been  installed  tests  of  potential 
to  earth  from  each  side  of  the  joint  are  required  to  make  sure 
that  the  local  flow  of  current  to  earth  has  not  risen  to  an  anjount 
which  will  endanger  the  structure.  Tests  of  stray  current  in  the 
system  on  either  side  of  the  joint  are  also  required  to  determine 
that  the  effect  desired  from  its  installation  has  been  obtained. 
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When  drainage  connections  are  attached  to  cable  systems,  tests 
of  potential  to  earth  must  be  made  throughout  the  area  affected. 
The  connection  should  make  the  cable  negative  to  earth  at  all 
points,  but  only  by  slight  amounts  at  or  near  the  point  of  its 
attachment,  as  otherwise  the  cable  will  carry  more  stray  current 
than  is  needed  for  its  protection,  and  it  becomes  a  source  of 
danger  to  other  undrained  structures. 

Where  insulating  joints  or  other  protective  measures  are  applied 
to  structures  btuied  in  the  earth,  care  should  be  taken  to  attach 
testing  leads  to  be  used  in  future  surveys.  Such  connections 
will  be  of  the  same  general  type  as  the  current  meastuing  leads 
for  pipes  (See  Fig.  1.). 

Electrolysis  surveys  should  be  repeated  at  suitable  intervals. 
In  case  the  original  survey  did  not  disclose  conditions  requiring 
the  application  of  remedial  measures,  it  is  still  necessary  to  make 
sure  that  adverse  conditions  have  not  since  arisen.  Where 
protective  measures  have  been  applied,  surveys  are  needed  to 
make  sure  that  the  remedies  remain  effective  and  adequate. 
The  interval  between  surveys  will  depend  upon  the  importance 
of  the  structure  and  upon  the  time  required  to  produce  appre- 
ciable damage  in  case  a  substantial  change  in  stray  current 
conditions  occurred.  The  restdts  of  all  such  surveys  should 
always  be  compared  with  those  of  previous  surveys  to  ascertain 
whether  changes  in  stray  current  conditions  are  taking  place. 
When  any  substantial  changes  or  additions  are  made  in  the 
electric  railway  plant,  surveys  of  the  earthed  structures  liable 
to  be  affected  by  the  new  conditions  should  promptly  be  made. 

B:  APPARATUS. 

In  this  section  descriptions  are  given  of  the  apparatus  and  tools 
which  are  essentially  special  for  electrolysis  work.  The  tools 
ordinarily  used  for  handling  wires  and  making  good  contacts 
in  electrical  work  will  also  be  needed  but  no  special  description 
or  listing  of  them  seems  to  be  necessary  in  this  place. 

36.  Portable  Measuring  Instruments.  The  portable  measur- 
ing instruments  required  in  electrolysis  survey  work  include 
voltmeters,  millivoltmeters  and  ammeters.  Separate  instru- 
ments of  each  kind  can,  of  course,  be  carried  but  it  will  usually 
be  found  more  convenient  to  employ  the  special  portable  instru- 
ments which  have  been  designed  particularly  for  this  work. 
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Two  such  instruments  which  the  Weston  Electrical  Instrument 
Company  manufacture  for  this  class  of  work  are  as  follows: 

Model  1,  combination  millivoltmeter  and  voltmeter,  has 
its  zero  in  the  center  of  the  scale  and  reads  in  both  direc- 
tions. Ranges  of  5,  50  and  500  millivolts  and  of  5  and  50 
volts  are  convenient.  It  is  made  with  a  specially  high  resis- 
tance of  from  500  to  600  ohms  per  volt  so  that  the  5  milli- 
volt range  has  a  resistance  of  about  3  ohms.  These  high 
resistances  increase  the  accuracy  of  measurements  and  par- 
tictdarly  minimize  errors  due  to  resistances  of  leads  or 
contacts.  Ordinary  switchboard  shunts  provided  with 
binding  posts  and  adjusted  for  50  millivolts  may  be  used  to 
make  this  instrument  serve  as  an  ammeter.  Convenient 
ranges  for  these  shunts  in  electrolysis  work  are,  5,  50  and 
500  amperes. 

Model  56,  combination  volt-ammeter,  has  its  zero*  in  the 
center  of  the  scale  and  reads  in  both  directions.  Ranges 
of  10,  50  and  500  millivolts,  6  and  60  volts  and  100  amperes 
are  convenient. 

The  center  scale  feature  referred  to  in  the  description  of  these 
instruments  is  an  important  one  in  electrolysis  work,  as  it  is  not 
always  possible  to  determine  in  advance  the  direction  of  current 
or  potential,  and  readings  may  also  vary  from  positive  to  nega- 
tive values  during  the  making  of  observations  at  many  testing 
points.  When  simultaneous  readings  have  to  be  taken  at  two 
or  more  testing  points  it  is  important  to  use  similar  instruments 
at  all  points.  If  dissimilar  instruments  are  used  their  periods 
of  vibration  may  differ  and  with  the  fluctuating  voltages  and 
currents  encountered  in  much  of  this  work  accurate  simtdtaneous 
measurements  cannot  be  made  unless  the  instruments  used  have 
the  same  periods  of  vibration. 

36.  Recording  Instruments.  Recording  measuring  instru- 
ments are  usually  arranged  to  give  24-hour  records  without 
change  of  chart.  By  using  a  sensitive  millivoltmeter  in  the 
recording  instrument  and  providing  it  with  a  number  of  voltage 
ranges  as  well  as  with  suitable  shunts,  a  single  instrument  can  be 
made  available  for  taking  all  of  the  voltage  and  current  readings 
required  in  electrolysis  work.  The  original  type  of  Bristol 
recording  instruments  make  their  records  upon  a  smoked  chart 
which  has  to  be  treated  subsequently  with  a  fixative  supplied 
with  the  instrument  in  case  it  is  desired  to  preserve  the  record. 
The  Bristol  instruments  are  regularly  made  with  a  clock 
supplied  with  a  changing  lever  so  that  the  disc  can  be  made  to 

Digitized  by  LjOOQ IC 


1720  ELECTROLYSIS  SURVEYS 

rotate  either  in  one  hour  or  twenty-four  hours.  Both  the  Bristol 
Company  and  the  Esterline  Company  have  recording  instruments 
which  give  an  ink  record  on  a  paper  strip.  In  either  type  of 
instrument  center  scale  zeros  should  be  called  for  so  that  varia- 
tions between  positive  and  negative  values  will  be  recorded  on 
the  chart. 

37.  Normal  Electrode.  The  Haber  normal  electrode  also 
called  non-i)olarizable  electrode  consists  of  a  rod  of  zinc  which 
is  enveloped  in  a  wet  paste  of  zinc  sulphate  contained  in  a  glass 
tube  which  has  had  cemented  to  it  at  the  bottom  a  porous  clay 
cell.  The  other  end  of  the  tube  is  closed  with  a  stopper  from 
which  the  zinc  rod  is  supported .  an  insulated  wire  is  led  from  the 
end  of  the  zinc  rod  through  this  stopper  to  the  upper  end  of  a 
wooden  rod  which  also  enters  the  stopper  and  serves  for  the 
puipose  of  handling  the  electrode.  A  capillary  tube  is  also  run 
through  the  stopper  in  order  to  have  the  interior  of  the  tube  at 
normal  atmospheric  pressure.  The  zinc  sulphate  paste  is  made 
by  adding  satiu^ated  zinc  sulphate  solution  to  fine  zinc  sulphate 
crystals  until  the  mixture  has  attained  a  semi-fluid  condition 
A  sketch  showing  details  of  construction  for  this  de\'ice  is 
shown  on  the  opposite  page.     (See  Fig.  2.) 

38.  Earth  Ammeter.  The  Haber  earth  ammeter  consists  of 
two  thin  copper  sheets  laid  one  upon  the  other  with  a  thin  sheei 
of  mica  or  other  non-absorbent  insulating  material  between  them. 
These  two  plates  are  gripped  in  a  hard  rubber  rim  which  forms 
part  of  a  square  wooden  frame.  A  paste  made  by  mixing  pow- 
dered copper  sulphate  crystals  with  a  20%  aqueous  solution  of 
sulphuric  acid  is  spread  over  the  exterior  surfaces  of  each  of  the 
two  sheets  of  copper,  the  paste  being  enclosed  on  each  exterior 
surface  by  a  covering  of  parchment  paper  or  some  similar  tough 
permeable  membrane.  Instdated  wire  leads  of  suitable  length 
are  run  from  each  plate  through  the  frame  to  connect  with  the 
measuring  instrument.  The  opening  in  the  frame  may  conv^en- 
iently  be  square.  Four  inches  is  a  convenient  dimension  for  the 
sides  of  this  square  opening  as  this  will  yield  an  area  of  one-ninth 
of  a  square  foot  which  is  apprpximately  equivalent  to  a  square 
decimeter.  The  detailed  construction  of  the  instrument  is 
shown  in  an  attached  sketch.  (See  Fig.  3.)  When  using 
the  instrument,  the  spaces  between  the  parchment  paper 
and  the  outer  edges  of  the  wooden  frame  are  first  filled  with 
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closely  packed  soil  taken  from  the  spot  where  it  is  intended  to 
make  the  measurement  and  the  frame  is  then  placed  in  a  position 
perpendicular  to  the  flow  of  current  which  it  is  desired  to  measure 
and  completely  buried  in  earth  removed  in  the  course  of  making 
the  excavation  to  reach  the  structure  whose  condition  is  to  be 
determined.  A  suitable  low  resistance  milliammeter  can  then 
be  connected  to  the  two  terminal  wires  and  observations  of  the 
current  flowing  made. 

39.  Testing  Electrodes.  The  details  of  metal  tipped  testing 
electrodes  for  use  in  readings  of  potential  to  earth  are  given  in 
an  attached  sketch.  (See  Fig.  4.)  Two  of  these  testing 
rods  may  be  conveniently  carried  at  all  times;  one  of  the  two 
should  have  as  its  testing  tip  a  piece  of  the  same  metal  as  that 
contained  in  the  structure  whose  potential  to  earth  is  to  be  tested, 
the  other  should  be  provided  with  a  steel  tip  so  that  contact  may 
be  maintained  from  a  distance  with  any  pipe  or  cable  which  is 
below  the  surface  of  the  ground.  The  metal  on  the  tips  of  these 
rods  shotdd  always  be  kept  clean  and  bright  and  care  should  also 
be  taken  to  remove  rust  and  other  products  of  corrosion  from  the 
points  on  the  surface  of  the  structure  to  be  tested  against  which 
the  steel  tip  presses  so  that  a  clean,  bright  surface  will  be  available 
for  the  contact. 

C:  RECORDS  AND  REPORTS. 

•  40.  General.  Much  detailed  information  is  necessarily  gathered 
in  the  course  of  an  electrolysis  survey.  It  is  desirable  to  prepare 
in  advance  of  the  work  for  the  convenient  recording  of  these  data 
upon  suitably  arranged  testing  sheets,  which  either  have  upon 
one  line  or  upon  one  sheet,  as  may  be  necessary,  all  of  the  data 
collected  at  any  stated  testing  point  during  a  single  period  of 
observation.  Several  typical  data  sheets  prepared  for  recording 
observations  made  upon  piping  and  cable  systems  are  attached 
hereto  as  suggestive  of  possible  arrangements  for  report  sheets. 
The  data  thus  collected  can  usually  be  best  aranged  for  study 
if  they  are  transferred  to  a  map  showing  the  system  or  systems 
included  in  the  tests,  and  indicated  thereon  either  in  numerical 
form  or  through  some  graphical  representation.  It  is  desirable 
to  indicate  positive  and  negative  relations  by  making  records 
on  the  maps  in  different  colors. 
Apart  from  the  data  obtained  through  observations  in  the 
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work  of  the  electrolysis  survey  it  will  be  seen  that  the  records 
obtained  relating  to  the  systems  under  observation  should 
include  the  following: 

41.  Electric  Railways. 

1.  Maps  showing  locations  of  sources  of  power  supply, 
tracks,  and  negative  feeders  and  other  connections  between 
bus-bar  and  track.  Also  locations  of  positive  feeding  connec- 
tions to  trolley  and  of  all  section  instdators  in  trolley. 

2.  Information  as  to  size  of  rails,  methods  of  bonding  and 
standards  of  bond  maintenance. 

3.  Information  as  to  any  direct  ground  connections  ap- 
plied to  the  railway  return  system,  and  any  special  track 
features  which  may  affect  the  flow  of  stray  currents. 

42.  Piping  Systems. 

1.  Maps  showing  all  main  piping  lines  and  branches 
(except  building  connections)  and  sources  of  water,  gas, 
etc.,  from  which  the  piping  systems  are  supplied. 

2.  Information  as  to  sizes  of  pipes  and  metals  of  which 
they  are  composed,  and  details  of  the  standard  methods  of 
joining  main  and  branch  line  pipe  sections. 

3.  Information  as  to  method  of  joining  building  connec- 
tions to  main  supply  pipes  including  metals  used  for  the 
building  connection  pipes  and  the  depth  to  which  such 
connections  are  buried. 

4.  Location  and  description  of  any  protective  devices 
such  as  insulating  joints  or  drainage  connections  which  may 
have  been  made  a  part  of  the  piping  system. 

5.  Information  as  to  methods  of  attachment  and  con- 
struction employed  in  carrying  pipes  over  highway  or  rail- 
way bridges  or  under  water  courses,  swamps,  etc. 

43.  Cable  Systems. 

1.  Maps  showing  locations  of  all  subway  and  conduit  routes 
and  giving  number  and  sizes  of  cables  in  place  therein  or 
the  total  cross-section  of  lead  sheaths  expressed  in  equiva- 
lent copper,  also  locations  of  power  stations,  sub-stations  or 
other  centers  from  which  cables  radiate. 

2.  Locations,  route  and  sizes  of  all  drainage  connections 
attached  to  cable  systems,  also  locations  of  all  insulating 
joints  in  cable  systems,  of  any  jumpers  which  may  be  run 
to  establish  a  metallic  circuit  across  an  insulated  gap  in  the 
cable  system  and  of  any  conductors  run  to  reinforce  the 
carrying  capacity  of  the  cable  system  for  stray  currents. 

3.  Information  as  to  methods  of  attachment  and  con- 
struction employed  in  carr3dng  cables  over  highway  or 
railway  bridges  or  under  water  courses,  swamps,  etc.      ^  t 
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44.  Bridges  and  Buildings. 

1 .  Locations  of  structures  with  respect  to  electric  railwa3rs. 

2.  Information  as  to  methods  of  construction  employed 
in  carrying  electric  railway,  pipes  and  cables  across  bridges 
and  particularly  as  to  whether  any  of  these  other  structural 
systems  make  electrical  contact  with  the  metal  structure 
of  the  bridge. 

46.  General  Conditions. 

1.  Maps  showing  locations  of  water  courses,  swamps  and 
other  features  tending  to  produce  locally  earth  of  high 
unit  conductivity. 

2.  Records  of  electrical  resistance  of  soil  samples  repre- 
sentative of  the  area. 

3.  Records  of  experience  obtained  in  the  use  of  different 
metals  for  pipes,  etc.,  in  the  soils  of  the  area. 

It  is  desirable  that  in  the  preparation  of  records  and  of  reports, 
consideration  be  given  to  the  necessity  of  their  perpetuation.  All 
records  which  will  be  of  permanent  value  in  connection  with  the 
continued  study  of  electrolysis  conditions  within  the  area  which 
will  be  necessary  in  order  to  make  sure  that  injurious  changes 
in  conditions  do  not  occur,  should  be  prepared  in  a  permanent 
form  capable  of  withstanding  considerable  handling. 
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III.    AMERICAN  PRACTICE. 

There  is  no  standard  practice  in  the  treatment  of  elec- 
trolysis problems  in  America.  In  many  localities  the  exist- 
ence of  such  a  problem  is  scarcely  recognized;  in  others  the 
problem  has  been  given  much  study,  and  mitigating  systems 
widely  varying  in  character  have  been  installed. 

Much  of  the  information  made  available  to  the  committee 
is  contained  in  confidential  reports  to  which  it  is  not  possible 
to  make  reference,  because  electrolysis  is  the  subject  of  con- 
troversy between  conflicting  interests.  Unfortunately,  also  it 
is  impossible  in  some  cases  even  to  refer  to  places  where  par- 
ticular expedients  have  been  employed,  or  to  state  either  the 
extent  or  the  results  of  such  use.  It  has,  therefore,  been  neces- 
sary in  most  instances  to  make  statements  of  what  is  the  prac- 
tice, without  citing  the  authority  or  naming  the  places  where 
such  practice  may  be  found.  In  compiling  this  report,  there- 
fore, the  committee  has  been  influenced  most  largely  by  those 
instances  of  practice  within  its  knowledge  where  the  greatest 
amount  of  study  has  been  given  to  the  subject,  and  where  the 
results  obtained  seem  best  to  justify  its  use.  The  committee 
has  embodied  in  this  report  only  matters  of  fact  for  which  it 
has  authority. 

A,    MEASURES  APPLIED  TO  RAILWAYS. 

46.  Insulation.  Under  this  sub-heading  have  been  con- 
sidered three  general  measures,  namely:  a.  Complete  Insula- 
tion, which  does  not  involve  the  use  of  the  running  rails  as  a 
portion  of  the  electric  circuit,  b.  Substantial  Insulation,  which 
does  involve  the  uise  of  the  running  rails  as  a  portion  of  the 
circuit,  but,  due  to  the  type  of  construction  employed,  to  a 
very  large  extent  prevents  stray  cturents,  and  c.  Partial  In- 
sulation, which  comprises  using  such  means  as  are  available 
to  insulate  the  running  rails  of  ordinary  street  railways  in  so  far 
as  practicable. 
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(a)  Complete  Insulation.     Instead  of  using  the  running  tracks 
as  part  of  the  return  circuit,  a  separate  insulated  return  con- 
ductor is  employed  for  this  purpose.     In  this  case   the  entire 
electric  circuit  of  the  railway  system  is  insulated  from  ground, 
and,  there  being  no  voltage  drop  in  contact  with  earth,  stray 
currents  are  entirely  prevented.      Complete  instilation    of  the 
railway    circuit    is  accomplished    in  the  double   underground 
conduit  trolley  system,   by   employing  insulated  positive  and 
negative  conductors  in  underground  conduits.      This    system 
is  in  use  on  the  surface  lines  on  Manhattan  Island  and  in  por- 
tions of  Washington,  D.  C.  *   This  is  also  accomplished  in  the 
double  overhead  trolley  system  by  employing  separate  positive 
and  negative  overhead  trolley  wires  insulated  from    ground; 
many   years   ago   examples    of  this  system  were    installed    in 
Washington,  D.  C,  and  Cincinnati,  Ohio.     The  practice  while 
effective  in  this  respect  and  in  use  for  a  long  term  of  years  has 
not  spread  to  other  cities  possibly  because  of  the  unsightly  ap- 
pearance of  the  overhead  structures  due  to  the  multiplicity  of 
wires  and  because  of  the  increase  in  operating  diflSculty  and  ex- 
pense which  it  entailed. 

(b)  Substantial  Insulation.  Interurban  and  electrified  steam 
roads  generally  require  the  rails  to  be  supported  on  wooden  ties 
set  in  well  drained  broken  stone  or  gravel  ballast.  The  insulation 
afforded  by  such  construction  practically  removes  danger  from 
electrolysis.  Leakage  is  in  some  instances  foimd  to  be  as  low 
as  .00016  ampere  per  rail  per  tie  under  dry  weather  conditions, 
increasing  to  .0055  ampere  when  wet  with  10  volts  between 
the  rail  and  ground.  On  steel  structures  where  the  -ties  are 
only  partially  in  contact  with  ground  and  the  ties  cannot 
become  waterlogged,  this  leakage  is  even  less.  The  substantial 
insulation  of  a  ballasted  roadbed  has,  in  some  installations, 
been  rendered  ineffective  by  bare  negative  cables  in  damp 
earth  or  by  metallic  connections  between  the  tracks  and  steel 
supporting  construction.  Conditions  are  found  to  be  very 
favorable  for  rail  insulation  where  the  tracks  are  in  subways 
or  under  cover  protected  from  the  weather,  permitting  the 
ballast  and  ties  to  become  permanently  dry. 

(c)  Partial  Insulation.  The  escape  of  current  from  tracks 
largely  buried  is  decreased  by  high  contact  resistances  between 
the  tracks  and  the  surrounding  medium.     The  total  resistance 
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to  flow  of  escaping  current  is  found  to  vary  with  the  earth 
resistance  and  the  contact  resistance  between  earth  and  rail. 
Since  the  earth  resistance  is  usually  low,  the  contact  resistance 
is  generally  found  to  be  the  controlling  factor  in  the  leakage 
path;  hence,  partial  insulation  is  found  effective  in  reducing 
leakage  with  the  low  voltages  commonly  encountered.  On  a 
grounded  trolley  system  in  city  streets  it  has  been  found  bene- 
ficial to  have  the  rails  as  nearly  enclosed  with  insulating  material 
as  possible. 

47.  Reduction  of  Track  Voltage  Drop. 

(a)  Bonding.  The  best  types  of  solid  rail  joints  in  actual  use 
give  the  same  electrical  conductivity  at  the  joint  as  in  any 
other  part  of  the  rail  length.  The  standard  of  good  practice 
in  some  electrified  steam  roads  is  that,  the  resistance  through 
the  rail  joint  shall  be  equivalent  to  that  of  a  20-inch  length  of 
the  rail  adjacent,  and  should  the  resistance  exceed  42  inches, 
that  the  bond  should  be  remade.  With  respect  to  the  practice 
of  bonding  in  street  railway  systems,  it  may  be  said  that  there 
is  no  standard  equivalent  length  of  rail  to  cover  all  conditions, 
but  each  railway  company  establishes  its  own  standard,  de- 
pending on  local  conditions.  The  equivalent  resistance  of  the 
rail  joint  in  terms  of  length  of  rail  will  depend  on  the  length 
and  size  of  the  bond,  the  terminal  contact  resistance  and  the 
conductivity  of  the  rail.  In  large  cities  bonding  to  an  equivalent 
resistance  of  from  three  to  six  feet  of  rail  is  common  practice. 
In  suburban  districts  higher  bond  resistances  are  often  used.  The 
equivalent  resistance  of  rail  joint  which  is  adopted  by  different 
railroads  necessarily  varies  widely  with  the  condition  of  load 
and  class  of  bond  employed.  The  class  of  bond  chosen  is  in  many 
cases  determined  by  mechanical  conditions,  such  as  the  founda- 
tion upon  which  the  track  is  laid. 

Bonds  are  generally  classified  according  to  the  method  of 
fastening  them  to  the  rail.  Soldered  bonds  are  soldered  to 
the  head,  base  or  web  of  the  rail.  Pin  expanded  bonds  have 
holes  drilled  in  their  terminals,  through  which  a  steel  pin  is 
driven  to  expand  the  terminal  into  a  hole  drilled  in  the  rail. 
After  expansion  a  steel  cylindrical  plug  is  driven  in  the  expanded 
hole  to  prevent  contraction.  Brazed  or  welded  bonds  are  attached 
to  the  rail  by  heat  generated  electrically  or  by  an  oxy-acetylene 
flame  applied  to  the  terminal  of  the  bond.  Compressed  terminal 
bonds  and  compressed  multiple  terminal  bonds  have  their  tcpp- 
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inals  formed  into  a  solid  cylindrical  stud,  or  studs,  and  are 
compressed  in  the  rail  holes  with  screw  or  hydraulic  com- 
pressors or  by  hammer  blows,  which  expand  the  studs  in  threaded 
or  beaded  holes  of  the  rail.  A  special  type  of  this  bond  has 
large  contact  surfaces  about  the  terminal,  so  that  the  bonds 
can  be  soldered  and  compressed  to  the  rail. 

The  carrying  capacity  of  bonds  has  sometimes  been  found 
insufficient  to  keep  their  temperature  within  safe  limits  under 
conditions  of  maximum  load  where  bonds  involving  soldered 
joints  are  used.  The  resistance  of  a  rail  joint  is  found  to  be 
affected  largely  by  the  contact  resistance  between  the  bond 
terminals  and  the  rail.  Good  contact  and  large  surface  of 
contact  at  the  bond  terminals  are  found  necessary  to  low  joint 
resistance.  Replacement  of  bonds  is  generally  made  necessary 
by  depreciation  at  the  contacts,  the  breaking  of  strands  by 
vibration  or  by  mechanical  injury. 

There  are  now  in  general  use  several  different  types  of  rail 
joints  which  render  additional  bonding  unnecessary.  Among 
these  types  of  rail  joints  are  the  following:  Cast  Welded:  The 
rails  are  connected  together  by  pouring  molten  iron  into  a 
mold  that  surrounds  the  joint,  and  when  the  metal  cools  the 
joint  is  rigid  and  of  low  electrical  resistance.  Thermit  welding 
is  another  example  of  this  method,  the  iron  being  liberated  at 
a  white  heat  from  a  mixture  of  iron  oxide  and  aluminum  which 
is  ignited  in  a  crucible.  Electrically  Welded:  Iron  splice  plates 
are  electrically  welded  to  the  rail.  Nichols  Zinc  Joints:  This 
joint  is  made  by  pouring  molten  zinc  between  the  fish  plates  and 
the  rail  ends.  The  zinc  is  poured  in  after  the  fish  plates  are  bolted 
on,  and  the  expansion  of  the  zinc  in  solidifying  is  relied  upon 
to  make  a  contact  between  the  fish  plates  and  rail  ends  which 
is  reported  to  be  permanent.  Romapac  Continuous  Rail: 
The  rail  consists  of  two  pieces  which  are  so  laid  that  the  rail 
head  joint  and  the  rail  base  joint  are  staggered,  then  the  rail 
head  is  rolled  or  crimped  on  to  the  rail  base  thus  forming  a 
continuous  electrical  path. 

(b)  Cross-bonds  are  electrical  conductors  for  equalizing  the 
current  flow  in  the  rails.  When  the  roadbed  is  dry  they  are 
usually  installed  bare  in  the  ground.  Insulated  cable  is,  how- 
ever, sometimes  used,  and  the  insulation  is  protected  by  a  heavy 
braid  or  circular  loom  tubing. 

The  important  objects  of  cross-bonding  are  to  equalize  the 


Digitized  by  LjOOQ IC 


AMERICAN  PRACTICE  1731 

current  flow  between  rails  and  to  instire  continuity  of  the  return 
circuit  in  case  of  a  broken  rail  or  bond  in  any  one  rail.  It  is 
usual  practice  on  suburban  railways  to  place  cross-bonds  at 
intervals  of  1,000  to  2,000  feet  and  at  shorter  spacing,  some- 
times as  low  as  300  feet  on  street  railways.  Cross-bonding 
between  parallel  tracks  is  in  some  cases  installed  with  the 
same  frequency  as  between  the  rails  of  the  single  track;  in 
other  cases  at  less  frequent  intervals. 

In  determining  the  location  of  cross-bonds  in  connection  with 
alternating  current  single  track  signal  circuits,  a  departure  from 
ideal  spacing  becomes  necessary,  owing  to  the  fact  that  cross- 
bonds  are  permissible  only  at  the  reactance  bonds.  The  signal 
reactance  bonds  are  located  between  the  signal  block  sections, 
and  these  sections  are  more  or  less  fixed  for  train  operating 
conditions.  The  general  method  used  under •  these  conditions 
is  to  cross-bond  at  all  signal  reactance  bonds  and  install  addi- 
tional cross-bonds  with  reactance  bonds  at  intermediate  loca- 
tions to  obtain  the  most  satisfactory  resistance  conditions  in 
the  sections  fixed  by  the  signal  system. 

The  common  practice  of  electrified  steam  railroads  is  to  use 
cross-bonds  with  a  conductance  equal  to  one  track  rail,  or 
about  1,000,000  circular  mils.  Street  and  interurban  railways 
employ  copper  having  a  cross-section  of  from  200,000  to  500,000 
circular  mils. 

Some  companies  provide  jumpers  at  switches,  frogs  and  at  other 
special  track  work,  to  insure  that  the  electrical  continuity  of 
the  bonded  rail  will  be  maintained.  This  is  usually  accom- 
plished by  jumpers  extending  around  the  special  wojk,  except 
where  broken  rail  signal  protection  is  required,  and  in  such 
cases  the  frogs  are  bonded  in  the  return  current  system.  In 
recent  practice  these  jumpers  are  made  of  insulated  copper 
cables,  except  in  dry  locations,  as,  for  instance,  in  permanently 
dry  rock  ballast,  or  on  elevated  structures  with  wooden  ties 
and  no  ballast,  the  cables  being  kept  clear  of  the  steel  structure. 
The  electrical  leakage  from  a  bare  negative  jumper  in  damp 
earth  has  been  known  to  offset  the  effect  of  many  miles  of  most 
careful  track  insulation.  Under  such  conditions  the  bond  is 
gradually  destroyed  by  electrolysis. 

(c)  Conductivity  and  Composition  of  Rails.  The  conductivity 
of  the  track  rails  used  by  several  interurban  and  electrified 
steam  railroads  has  been  found  to  be  equivalent  to  about  l/l^ 
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that  of  copper,  and  this  figure  generally  holds  approximately 
true  for  girder  types  of  rails,  except  when  alloy  steel  is  used» 
in  which  case  higher  resistances  are  found.  The  track  rails 
are  specified  for  their  mechanical  qualities,  and,  where  these 
interfere  with  the  electrical  requirements,  it  is  customary  to 
give  the  mechanical  qualities  preference.  The  composition  of 
rails  for  heavy  service  used  by  one  of  the  large  electrified  steam 
railroads,  in  percentages,  is  as  follows: 

Carbon 0.62  to  0.75 

Manganese 0.70  to  1.00 

Silicon 0. 10  to  0. 20 

Phosphorus.  .  not  to  exceed  0.04 

The  American  Electric  Railway  Engineering  Association  has 
adopted  the  following  standard  composition  for  heavy  service 
rails: 

Class  A  Rails  Class  B  Rails 

Carbon 0.60  to  0.75  0.70  to  0.85 

Manganese 0. 60  to  0. 90  0. 60  to  0. 90 

Silicon Not  more  than  0. 20  Not  more  than  0. 20 

Phosphorus Not  more  than  0.04   Not  more  than  0.04 

d.  Reinforcement  of  Rail  Conductivity.  Early  track  con- 
struction practice  in  this  country  often  included  bare  wire 
laid  between  the  rails  and  connected  to  each  bond.  Some- 
times one  such  wire  was  used  for  each  rail;  sometimes  one 
for  each  track,  and  sometimes  one  served  for  a  double 
track.  Tlje  wires  varied  from  No.  4  to  No.  1,  and  were  either 
of  copper  or  galvanized  iron.  Their  conductivity  was  small 
and  they  were  subject  to  electrolytic  injury  and  frequent  break- 
age. This  construction  has  practically  gone  out  of  use.  It 
is,  however,  common  to  find  the  rails  supplemented  in  the  vi- 
cinity of  supply  stations  by  large  conductors  connected  in  par- 
allel to  the  rails.  This  is  not  infrequently  done  by  the  use  of 
bare  copper  wire  or  cable  buried  between  rails,  and  hence  in 
full  contact  with  the  earth.  Old  rails,  bolted  and  bonded  to- 
gether and  buried  beneath  or  beside  the  track,  have  also  been 
used  in  some  cases. 

Buried  bare  conductors,  however,  increase  the  contact  area 
between  the  return  circuit  and  the  earth,  and  the  tendency  to 
augment  stray  currents  thus  caused  off  sets,  to  a  greater  or  lesser 
extent,  the  benefits  attained  by  the  reduction  of  drop.    The 
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benefits  to  be  derived,  therefore,  from  an  electrolysis  stand- 
point, may,  if  use  is  made  of  bare  conductors  buried  in  the 
earth,  be  open  to  question.  The  direct  benefits  that  accrue 
from  the  practice  of  reinforcing  the  conductivity  of  the  rail, 
listed  in  what  may  be  considered  their  order  of  importance,  are: 
(1)  Reduction  of  energy  losses;  (2)  The  maintenance  of  a  higher 
average  voltage  at  the  cars,  especially  at  times  of  peak  load,  thus 
resulting  in  improved  car  service  and  car  lighting;  and  (3) 
The  reduction  in  potential  drop  in  the  rails,  thus  reducing  stray 
currents  and,  in  turn,  therefore,  lessening  the  damage  to  the 
extent  that  these  stray  currents  are  reduced,  qualified,  how- 
ever, in  accordance  with  the  statement  previously  made  if 
buried  bare  conductors  are  used. 

Where  conductors  paralleling  the  rails  are  installed  as  an 
electrolysis  mitigation  measure,  they  are  usually  insulated 
from  ■  earth  by  carrying  them  overhead  or  in  underground 
conduit.  The  practice  varies  as  to  the  method  of  connecting 
such  conductors  to  the  rail;  they  are  sometimes  connected  at 
the  ends  only  but  more  generally  at  intermediate  points  also. 
Where  this  arrangement  is  used  the  track  rails  are  connected 
to  the  negative  bus  at  the  nearest  convenient  point. 

Conductors  are  here  regarded  as  in  parallel  with  the  rails 
when  one  end  is  connected  to  the  track  and  the  other  to  a 
station  bus-bar  which  is  connected  directly  to  the  rail  by  a 
conductor  of  negligible  resistance.  The  use  of  such  conductors 
should  not  be  confused  with  the  "Insulated  Track  Feeder 
System,**  which  has  for  its  prime  object  the  mitigation  of 
electrolysis.     This  is  treated  under  a  subsequent  heading. 

(e.)  Use  of  Additional  Power  Supply  Stations  and  Distri- 
bution of  Load.  The  growth  of  electric  railway  systems  in 
large  cities  has  often  led  to  the  installation  of  additional  power 
stations  or  substations  for  the  more  economical  and  satis- 
factory operation  of  the  railroad.  This  has  also  reduced  the  track 
voltage  drop  and  subdivided  the  areas  over  which  leakage 
from  rail  to  earth  occurs  and  thus  has  had  the  effect  of  reducing 
the  stray  currents. 

The  effect  of  providing  additional  centers  of  power  supply 
can  best  be  illustrated  by  the  curves  on  Figure  5,  which,  while 
deduced  from  theory,  illustrate  in  a  simple  case  effects  such 
as  have  been  observed  in  practice. 

The  curve  SAO  of  Figure  5  represents  the  track    voltage 
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drop  on  a  portion  of  an  electric  railway  system  having  a  uni- 
formly distributed  load.  This  curve  is  a  parabola  with  a 
vertical  axis  and  with  the  apex  at  0 — that  is,  at  the  end  of  the 
line. 

The  curve  SBF  illustrates  the  condition  of  a  substation  lo- 
cated at  P  (33  per  cent  of  the  distance  from  Q  to  S)  carrying 
20  per  cent  of  the  total  load.  In  this  curve  the  portion  BF 
is  identical  with  AO.  As  the  load  is  uniformly  distributed, 
33  per  cent  of  the  load  is  on  the  portion  of  the  line  shown  by 
PQy  and  of  this  33  per  cent,  20  per  cent  is  carried  by  the  sub- 
station P.  The  remainder,  or  13  per  cent,  is  carried  by  the  • 
station  5.  The  point  B  on  the  curve  SBF,  therefore,  corresponds 
to  the  point  N  on  the  curve  5-40,  the  distance  QR  being  13  per 
cent  of  QS. 

In  the  same  manner  the  curves  SCG,  SDH  and  SEK  are 
drawn  showing  the  conditions  when  the  station  P  carries  40 
per  cent,  60  per  cent  and  80  per  cent,  respectively,  of  the 
total  load.  The  summit  of  the  curve  SMD,  in  which  the 
station  P  carries  60  per  cent  of  the  load,  is  located  so  that  PL 
equals  60  per  cent  minus  33  per  cent,  or  27  per  cent  of  the  total 
length  SQ  to  the  left  of  P.  The  distance  QL  is,  therefore,  60 
per  cent  of  the  total  length  QS. 

In  general,  the  conditions  are  more  complicated  than  those 
here  assumed,  and  will  ordinarily  prevent  an  acctirate  deter- 
mination of  the  relative  location  of  the  negative  busses  of  the 
two  stations.  It  is  possible,  however,  to  make  tests  which 
will  verify  each  of  the  points  which  have  been  used  in  preparing 
the  curves,  although  it  may  not  be  possible  to  verify  all  of  them 
at  any  one  test  or  in  one  location. 

48.  Three-wire  Systems.  As  far  back  as  1894,  and  possibly 
earlier,  consideration  was  given  to  a  three-wire  system  of  opera- 
tion for  electric  street  railways,  wherein  the  tracks  acted  as 
the  neutral  circuit.  The  reason  for  considering  such  a  system 
was  to  reduce  stray  currents  through  the  earth.  Installations 
of  this  sort  were  tried  out  in  Pittsburgh,  Pa.,  Lowell,  Mass., 
Portland,  Ore.,  and  Seattle,  Wash.,  in  the  earlier  days;  some- 
what later  an  experimental  installation  was  made  in  Cambridge, 
Mass.  In  the  Transactions  of  the  American  Institute  of  Elec- 
trical Engineers  for  1907,  Vol.  XXVI,  No.  1,  pages  268  to  2S0, 
Messrs.  Paul  Winsor  and  J.  W.  Coming  report  the  results  of 
an  investigation  to  determine  the  feasibility  of  using  the  three 
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wire  s^'^stem  for  the  purpose  of  reducing  stray  currents  through 
the  earth.  This  investigation  showed  that  the  three- wire 
system  of  operation  materially  reduced  the  track  voltage  drop, 
and  therefore  reduced  the  amount  of  stray  current  in  the  earth 
and  in  underground  metallic  structures.  The  figures  and  curves 
shown  by  Mr.  Coming  indicate  that  there  is  a  reduction  in  current 
flowing  on  pipe  lines  tested  by  him  of  the  order  of  nearly  90 
per  cent. 

Until  very  recently  it  was  thought  that  three-wire  systems 
contained  certain  serious  inherent  disadvantages.  It  was  felt 
that  the  complications  in  machinery,  difficulties  in  successfully 
insulating  trolleys  of  different  polarities,  difficulties  in  equalizing 
the  load  between  different  sections,  and,  fuither,  the  necessity 
for  the  installation  of  larger  generating  units  to  compensate  for 
the  difficulties  in  balancing  than  were  required  with  the  single- 
trolley  grounded  system,  were  so  great  as  to  preclude  the  con- 
sideration of  the  three-wire  system  for  electrolysis  mitigating 
purposes.  Recently,  however,  interest  in  this  system  has  been 
renewed,  and  at  least  some  of  the  difficulties  successfully  over- 
come, with  the  result  that  at  the  present  time  there  are  in 
operation  or  being  installed  two  sectionalized  three-wire  sys- 
tems— one  in  operation  in  the  Hollywood  district  of  Los  Angeles, 
Cal.,  and  the  other  in  process  of  installation  in  West  Springfield, 
Mass.  It  is  known  that  the  three-wire  system  has  been  in 
operation  for  some  twelve  years  in  Numberg,  Germany,  and 
for  a  considerable  length  of  time  in  Brisbane,  Australia. 

The  three-wire  system  may  take  two  different  forms,  which, 
though  the  same  in  principle,  differ  decidedly  as  to  the  arrange- 
ment of  the  feeders.  In  one  form,  known  as  the  Parallel  Three- 
wire  System,  one  trolley  of  a  double  track  road  is  negative  and  the 
other  positive,  the  tracks  being  neutral.  In  the  other  form,  known 
3LS  the  Sectionalized  Three-wire  System,  the  feeding  district  is  di- 
vided into  .sections  and  alternate  sections  are  supplied  by  feeders 
running  directly  from  the  positive  bus,  while  the  remaining 
sections  are  supplied  by  feeders  from  the  negative  bus.  For 
a  more  detailed  description  of  these  two  forms  of  three-wire 
systems  reference  is  made  to  the  Bureau  of  Standards'  Tech- 
nologic Paper  No.  52. 

49.  Reversed  Polarity  of  Trolley  System.  With  the  ordinary 
construction  of  electric  railways  using  the  running  tracks  as 
a  part  of  the  electric  circuit,  the  overhead  trolley  wire  or  third 
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rail  is  made  the  positive  conductor,  and  the  running  tracks 
the  negative  or  return  conductor,  only  one  exception  to  this  rule 
being  known  to  the  Committee.  With  the  usual  arrangement 
stray  currents  escape  from  the  running  rails  into  ground  and 
flow  to  underground  structures  at  points  distant  from  the  power 
station,  and  such  escape  of  stray  currents  from  the  rails  gener- 
ally takes  place  from  a  large  area  of  outlying  lines.  The  cur- 
rent then  returns  to  the  tracks  from  ground  and  from  under- 
ground structures  in  the  neighborhood  of  the  power  station. 
For  this  reason  the  most  acute  danger  from  electrolysis  is 
usually  produced  on  underground  structures  in  the  neigh- 
borhood of  the  power  station. 

To  reverse  this  arrangement  of  polarity  and  make  the 
rails  the  positive  conductor,  causes  current  to  leave  the 
structures  over  widely  scattered  areas,  so  that  the  current 
density  leaving  the  underground  structures  will  be  so  small 
as  to  prevent  acute  danger  from  electrolysis.  This  arrange- 
ment is  being  used  in  New  Haven,  Conn,  at  the  present 
time.  It  is  found,  in  this  instance,  that  all  potentials  and 
currents  which  formerly  existed  when^the  rails  were  the  nega- 
tive conductor  have  now  reversed  in  direction,  but  have  the 
same  magnitude.  It  is  also  found  that  current  leaves  under- 
ground structures  over  a  widely  scattered  outlying  area.  This 
arrangement  has  not  been  in  operation  a  sufficiently  long  time 
to  determine  whether  or  not  the  danger  from  electrolysis  at 
any  one  outlying  point  will  become  acute.  The  reversal  of 
polarity  renders  extremely  difficult  the  effective  drainage  of  un- 
derground structures,  because  there  is  no  definite  point  of  mini- 
mum potential  to  which  to  drain. 

60.  Booster  System.  Negative  boosters  have,  in  the  past, 
been  employed  in  connection  with  drainage  systems,  and  are 
in  use  in  connection  with  the  insulated  track  feeder  system 
abroad,  but  not  in  this  country,  so  far  as  known.  The  use  of  nega- 
tive boosters  is  simply  a  means  of  caring  for  voltage  drop  other 
than  by  the  use  of  copper.  Boosters  have  proved  economical  under 
certain  conditions,  and  uneconomical  under  others.  In  general  it  is 
simply  a  question  of  the  fixed  charges  on  copper  as  against  the 
fixed  charges  and  operating  cost  of  machines.  In  one  in- 
stance where  a  booster  was  employed  in  connection  with 
a  drainage  system  it  was  discontinued,  not  because  the 
addition  of  a  booster  to  a  drainage  system  was  unsatisfactory^ 
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but  because  the  drainage  system  itself  did  riot  adequately  care 
for  the  trouble.  Various  special  arrangements  involving  the 
use  of  boosters  in  electrolysis  mitigation  have  been  proposed, 
but  in  so  far  as  is  known  they  have  never  been  placed  in  suc- 
cessful operation. 

61.  Interconnection  of  Railway  Return  Circuits.  Where- 
ever  two  or  more  electric  railway  tracks  come  close  together, 
whether  they  belong  to  the  same  railway  system  or  to  different 
railway  systems,  large  differences  of  potential  between  them, 
with  resultant  high  potential  gradients  through  ground,  are  often 
found  to  occur  unless  the  tracks  are  electrically  connected. 
Interconnection  of  tracks  has  been  found  to  be  of  partic- 
ular advantage  where  two  or  more  lines  of  electric  railway, 
operating  in  one  locality  and  belonging  to  the  same  or  to 
different  systems,  are  supplied  from  two  or  more  power  stations 
located  in  different  parts  of  the  city.  By  interconnecting  the 
tracks  of  such  lines  in  the  neighborhood  of  the  power  stations, 
and  also  at  several  intermediate  points,  an  interchange  of 
current  has  been  brought  about,  whereby  the  drop  formerly 
existing  in  one  track  has  been  balanced  by  the  drop  in  the 
opposite  direction  in  the  other  track,  the  rail  drop  in  each  track 
greatly  reduced,  and  all  high  potential  gradients  between  the 
tracks  eliminated.  This  reduction  in  rail  drop  resulted  also 
in  a  corresponding  reduction  of  losses. 

62.  Use  of  Alternating  Currents.  When  the  first  alternating 
current  railways  were  proposed,  the  question  of  possible  elec- 
trolytic effects  received  special  investigation.  Considerable 
work  was  done  upon  a  laboratory  scale,  in  which  it  was  estab- 
lished that  alternating  currents  could  produce  corrosion  on 
electrodes  of  the  metals  commonly  used  underground,  such 
as  lead  and  iron,  but  that  the  effects  were  very  much  less  in 
magnitude  than  those  produced  by  equivalent  quantities  of 
direct  ciurent,  usually  less  than  one  per  cent  and  in  most  cases 
negligible. 

It  has  not  as  yet  been  possible  to  determine  whether  these 
effects,  demonstrated  in  an  experimental  manner,  are  being 
reproduced  in  the  case  of  actual  installations.  In  the  case  of 
practically  all  actual  exposures  which  have  occurred  up  to 
the  present  time  it  has  been  impossible  to  dissociate  effects 
which  might  be  due  to  an  alternating  current  exposure  from 
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the  effects  which  are  due  to  a  simultaneous  exposure  to  stray 
currents  from  direct  current  railways.  Whether  alternating 
current  corrosion  is  proceeding  at  the  relatively  slow  rate  in- 
dicated by  the  experimental  investigations  and  will  at  some 
time  produce  damage  to  subsurface  structures,  cannot  now  be 
determined.  Special  measures  for  the  reduction  of  leakage  of 
current  to  earth  are  being  tried  out  in  one  alternating  current 
railway,  but  neither  the  construction  nor  the  results  have  yet 
been  made  public.  (See  Bureau  of  Standards  Technologic  Paper 
No.  72.) 

63.  Insulated  Track  Feeder  System.  The  insulated  track 
feeder  system  or  the  insulated  return  feeder  system  is  employed 
in  a  number  of  American  cities  at  the  present  time,  and  plans 
are  being  made  looking  to  its  installation  in  a  number  of  other 
cities. 

The  arrangement  of  feeders  described  under  this  title  is  not 
generally  understood,  and  as  it  is  commonly  confused  with  the 
reinforcement  of  track  conductivity,  the  following  explanation 
is  therefore  made. 

Stray  current  which  is  the  cause  of  electrolytic  corrosion  is 
traceable  directly  to  voltage  drop  in  the  rails.  With  a  given 
resistance  between  rails  and  earth  any  means  which  will  most 
effectively  reduce  this  voltage  drop  is,  therefore,  the  means 
which  will  most  effectively  reduce  electrolytic  corrosion.  The 
reinforcement  of  the  conductivity  of  the  rails  by  paralleling 
them  with  other  conductors  operates  definitely  in  this  direction, 
provided  the  paralleling  conductors  are  not  themselves  in  contact 
with  the  earth.  When,  however,  it  is  desired  to  reduce  the  volt- 
age drop  to  such  a  point  as  will  insure  reasonable  immunity  from 
electrolytic  troubles,  the  employment  of  copper  in  parallel  with 
the  rails  generally  proves  prohibitively  expensive.  For  example, 
an  average  grade  of  rail  has  a  resistance  12^  times  that  of  copper 
of  the  same  cross-section.  Its  conductivity  is  therefore  ap- 
proximately the  equivalent  of  10,000  c.  m.  of  copper  per  pound 
per  yard.  Such  a  rail  weighing  100  pounds  per  yard  would  be 
approximately  equivalent  to  a  1,000,000  c.  m.  cable.  To  reduce 
the  track  voltage  drop  to  one-half  its  former  value,  where  such 
a  rail  is  employed,  would  require  a  1,000,000  c.  m.  cable  laid 
parallel  to  each  rail  of  the  track  for  its  entire  length.  This  large 
investment  in  copper  would  reduce  the  losses  of  track  trans- 
mission by  but  one-half,  and  would  reduce  the  stray  current  hy 
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one-half.  If  bare  copper  in  contact  with  the  earth  were  used 
the  stray  current  would  be  reduced  by  somewhat  less  than  one- 
half.  Thus,  the  practice  to  install  return  copper  to  reduce 
track  drop  with  a  grounded  bus-bar  is  either  prohibitively  ex- 
pensive or  ineffective.  It  was  because  of  these  recognized  difl5- 
culties  that  the  Insulated  Track  Feeder  System  was  introduced. 

The  insulated  track  feeder  system  employed  in  the  Amer- 
ican cities  above  referred  to  has  the  following  distinguishing 
characteristics : 

(a)  The  negative  bus  is  insulated — that  is,  not  connected  to 
earth  nor  directly  to  the  rails  at  or  near  the  power  or  sub-station, 
except  that,  in  some  instances,  it  is  connected  to  the  rails  through 
resistances  sufficient  in  magnitude  to  insure  that  this  point  is  at 
approximately  the  same  potential  as  other  track  feeder  points. 

(b)  The  current  is  returned  to  the  negative  bus  by  insulated 
feeders  leading  from  selected  points  on  the  track  network. 

(c)  These  feeders  are  connected  to  the  track  at  their  extremi- 
ties only,  or,  if  connected  at  intermediate  points,  are  connected 
through  resistances  of  such  magnitude  as  to  keep  all  connected 
points  at  approximately  the  same  potential  with  respect  to  the 
bus. 

The  Insulated  Track  Feeder  System  is  thus  an  arrangement 
having  for  its  prime  object  the  reduction  of  stray  cturent  through 
the  earth.  The  insulated  feeders  are  installed  either  overhead 
or  in  underground  ducts,  and  extend  from  the  negative  bus  to 
such  points  on  the  track  network  as  have  been  determined,  by 
either  observation  or  computation,  to  be  those  from  which  the 
removal  of  current  vnl\  prevent  excessive  track  voltage  drop. 
The  negative  bus  is  connected  to  the  rails  at  the  power  house 
only  through  a  resistance  sufficient  in  magnitude  to  insure  that 
this  point  is  at  approximately  the  same  potential  as  other  feeder 
connection  points.  When  all  feeder  connection  points  are  at 
the  same  potential  the  maximum  effectiveness  of  the  system  as  a 
means  of  reducing  stray  currents  is  found.  The  attainment  of 
this  condition  requires  track  bonding  of  a  reasonably  high  order 
of  uniformity. 

In  most  cases  feeder  connection  points  are  not  brought  to  the 
same  potential,  but  a  certain  drop  is  allowed  in  the  direction  of 
the  power  station. 

The  insulated  track  feeder  system  is  the  equivalent  of  having 
the  negative  bus-bar  of  the  powei*  supply  station  di\4ded  into 
branches  corresponding  in  number  to  the  number  of  track  feeder 
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points,  and  distributed  geographically  over  a  considerable  por- 
tion of  the  track  network.  This  reduces  both  maximum  and 
average  current  in  the  rails  and  also  reverses  the  direction  of 
the  current  in  the  rails  on  one  side  of  each  feeder  point.  These 
changes  in  the  rail  current  directly  reduce  track  voltage  drop. 
The  area  from  which  current  leaks  to  earth  and  to  underground 
structures,  and  also  the  area  from  which  current  returns  from 
underground  structures  and  earth  to  the  rails  are  subdivided. 
The  combined  effect  of  these  factors  is  a  substantial  improve- 
ment in  electrolysis  conditions  of  underground  structures.  (vSee 
G.  I.  Rhodes,  Trans.  A.  I.  E.  E.,  1907.) 

The  efficacy  of  this  system  in  reducing  stray  current  is 
practically  independent  of  the  weight  of  copper  in  the  individual 
feeders — that  is  to  say,  the  voltage  drop  in  the  feeders  may  be 
either  large  or  small,  without  material  effect  upon  the  stray 
currents. 

As  was  pointed  out  under  a  prior  sub-heading,  negative  boosters 
may  be  used  with  this  system.  The  principles  underlying  the 
insulated  track  feeder  system  are  the  same,  whether  or  not 
negative  boosters  are  used. 

B.  MEASURES   APPLIED   TO   AFFECTED   STRUCTURES. 

64.  Insulating  Joints  in  Large  and  Small  Iron  Pipes  and  in  Lead- 
sheathed  Cables.  In  a  number  of  installations  flow  of  stray 
current  on  metallic  pipe  lines  has  been  prevented  by  the  use  of 
a  sufficient  number  of  insulating  joints .  It  is  found  that  where 
a  pipe  line  is  laid  with  every  joint  an  insulating  joint,  the  line 
has  such  a  high  electrical  resistance  that  no  measurable  current 
flows  on  the  line,  although  considerable  potential  gradient  exists 
in  earth  parallel  to  the  pipe  line.  In  some  installations  it  has 
been  found  sufficient  to  use  comparatively  few  insulating  joints 
to  break  up  the  electrical  continuity  of  a  pipe  line  and  protect  the 
line  from  electrolysis,  but  in  these  cases  it  was  necessary  to  make 
adequate  tests  to  assure  that  sufficient  current  did  not  shunt 
through  earth  around  the  joint  to  damage  the  pipe  on  the 
positive  side  of  the  joint.  In  these  installations  it  has  been  found 
necessary  to  install  such  insulating  joints,  not  only  in  the  positive 
areas,  but  also  in  the  negative  areas  in  all  places  where  con- 
siderable potential  gradient  in  earth  parallel  to  the  pipe  existed. 
It  is  found,  in  fact,  that  the  frequency  with  which  insulating 
joints  must  be  installed  in  a  pipe  line  in  order  to  assure  reasonable 
protection  from  electrolysis,  depends  upon  the  potential  g^^e^^^'lSoOQlc 
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through  the  earth  and  upon  the  electrical  resistivity  of  the  earth 
in  the  neighborhood  of  the  pipe  line. 

Tests  on  joints  buried  in  earth  have  shown  that  the  resistance 
of  a  short  insulating  joint  is  practically  the  same  as  that  of  a 
long  joint,  but  that  a  long  insulating  joint  gives  a  more  even 
distribution  of  leakage  current  than  a  short  joint,  and  that, 
therefore,  a  long  insulating  joint  is  to  be  preferred  where  there  is 
considerable  potential  difference  across  the  joint  or  where  the 
resistivity  of  the  surrounding  soil  is  very  low.  It  has  also  been 
found  that  the  effect  of  a  long  joint  can  be  secured  from  a  short 
insulating  joint  by  surrounding  the  joint  and  the  pipe  for  some 
distance  on  each  side  of  the  joint  with  a  heavy  layer  of  insulating 
material.  In  a  number  of  installations  of  such  instdating  joints 
in  important  pipe  lines,  each  joint  and  the  pipe  for  a  distance 
of  from  5  to  25  feet  on  each  side  of  the  joint  have  been  stirrounded 
by  a  wooden  box  leaving  a  space  of  from  1  to  2  inches  between  the 
outside  of  the  pipe  and  the  inside  of  the  box,  and  the  space  then 
filled  with  pitch,  parolite,  or  similar  material.  In  this  way  an 
insulating  joint  having  an  effective  length  of  from  10  to  50  feet 
was  secured.  (See  also  Bureau  of  Standards  Technologic  Paper 
No.  52). 

In  a  large  number  of  cases  small  service  pipes  have  been 
damaged  by  electrolysis  from,  stray  current  leaving  the  service 
pipes  for  earth,  which  current  was  found  to  flow  to  the  service 
pipes  either  from  the  main  or  from  house  piping.  In  the  latter 
case  the  current  was  found  to  reach  the  house  piping  by  way  of  a 
service  pipe  from  another  piping  system.  In  some  cases  of 
this  kind  such  current  flow  to  service  pipes  has  been  greatly  re- 
duced or  prevented  and  the  service  pipe  thereby  protected 
from  electrolysis,  by  placing  an  insulating  joint  in  the  service 
pipe  at  the  main  or  in  the  building,  as  the  case  may  be. 

In  some  cases  it  was  however  found  necessary  to  install  an 
insulating  joint  in  the  service  at  the  main  and  a  second  joint 
in  the  building,  the  necessary  locations  of  the  joints  being 
determined  from  the  results  of  electrical  measurements.  This 
method  of  protecting  pipes  has  been  applied  to  isolated 
cases  which  were  specially  studied,  but  has  not  been  generally 
applied  to  a  large  complicated  city  system  of  mains  and  services. 

For  wrought-iron  or  steel  pipes  of  small  and  moderate 
size,  various  commercial  insulating  joints  *  have  been  largely 
used.  For  large  sizes  of  pipe  a  flanged  type  of  instdating 
joint  has  been  commonly  used.     This  insulating  joint  has  been 
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made  up  by  placing  a  disc  of  insulating  material  between  the 
surfaces  of  the  flanges,  by  placing  insulating  tubes  over  the 
bolts,  and  by  placing  insulating  washers  under  the  bolt  heads 
and  nuts.  Red  fibre  has  been  most  commonly  used  for  the  in- 
sulating material,  except  that  for  water  pipes  in  some  cases  soft 
sheet  rubber  has  been  used  for  the  packing  between  the  flanges. 
Where  such  flanged  insulating  joints  have  been  used  in  cast-iron 
mains  the  flanges  have  generally  been  cast  as  part  of  the  pipe. 

For  water  mains  various  forms  of  insulating  joints  emplojdng 
white  pine  wood  for  the  insulating  material  have  also  been  used 
to  a  considerable  extent.  For  cast-iron  water  mains  with  bell 
and  spigot  joints,  these  joints  have  in  some  installations  been 
rendered  insulating  by  placing  a  short  wooden  ring  between  the 
inside  of  the  bell  and  the  end  of  the  spigot  to  prevent  metallic 
contact  between  the  pipe  lengths,  and  then  calking  the  joint 
with  wooden  staves  of  clear  white  pine  shaped  to  fit  the 
curvature  of  the  pipe.  In  these  cases  the  spigot  end  of  the  pipe  . 
was  either  cast  without  a  bead  or  the  bead  was  removed.  The 
leaks  that  developed  in  the  joint  were  stopped  with  white  pine 
wedges.  These  simple  joints  have  been  found  satisfactory 
for  pressure  up  to  about  75  pounds  per  square  inch  (5.27  kg. 
per  sq.  cm.)  Where  with  higher  pressures  leakage  developed 
through  the  pores  of  the  wood,  this  was  overcome  by  dipping 
the  inner  ends  of  the  staves  in  red  lead.  The  staves  have  also 
been  reinforced  in  some  cases  by  an  iron  band  clamped  around 
the  spigot  end  of  the  pipe. 

It  is  found  that  cement  joints  in  cast  iron  pipes  as  ordinarily 
made  have  a  very  high  resistance  between  adjoining  lengths  of  pipe 
and  that  such  joints  may  properly  be  classed  as  insulating  joints. 
When  pipe  lines  are  laid  with  every  joint,  or  even  every  other 
joint  made  of  cement,  the  resistance  of  the  pipe  line  becomes  so 
great  that  the  current  flowing  on  the  pipes  will  be  greatly  re- 
duced. In  practice,  however,  for  mechanical  reasons  it  has  been 
found  that  cement  or  other  insulating  joints  cannot  be  used  under 
all  conditions  or  for  all  sizes  of  pipe.  In  such  cases,  the  entire 
drop  of  potential  of  the  pipe  line  is  distributed  more  or  less 
uniformly  over  all  of  the  cement  joints  and  the  drop  in 
potential  around  any  one  joint  is  too  small  to  cause  any  injury 
through  leakage  of  current  around  individual  joints  imless  the 
soil  is  of  great  conductivity. 

This,  however,  will  not  prevent  electrolytic  corrosion  in  local- 
ities where  current  can  reach  the  pipe  by  way  of  laterals,  or  when 
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it  is  closely  adjacent  to  other  conducting  structures  which  nul- 
lify the  effect  of  the  joints,  or  when  there  is  leakage  from  another 
transverse  pipe. 

Insulating  joints  in  lead  sheaths  of  underground  cables  are 
in  use  to  some  extent,  but  they  are  not  found  to  afford  an  effective 
primary  means  of  preventing  electrolysis.  In  some  installations 
such  insulating  joints  have  been  used  in  positive  areas  for  the 
purpose  of  breaking  up  the  electrical  continuity  of  the  lead  cable 
sheathing  and  stopping  rapid  localized  destruction  from  electro- 
lysis, but  such  joints  have  not  generally  been  found  to  afford 
permanent  and  complete  protection.  In  certain  special  cases 
in  practice  insulating  joints  have  been  used  in  the  lead  sheaths 
of  certain  cables  for  the  purpose  of  preventing  current  from  reach- 
ing the  remainder  of  a  cable  system.  Common  examples  of 
this  are  found  where  laterals  or  services  from  a  cable  system 
pick  up  considerable  current  from  an  iron  conduit  or  from  pipes 
with  which  the  cable  or  iron  conduit  may  be  in  accidental  metal- 
lic contact,  which  current  is  then  delivered  to  the  cable  system. 
Such  current  flow  to  the  cable  system  has  frequently  been  effec- 
tively stopped  by  introducing  an  insulating  joint  in  the  lead 
sheath  of  the  lateral  or  service  where  it  leaves  the  iron  conduit 
and  before  it  is  connected  to  the  main  cable  system. 

Particular  points  on  main  cable  runs  have  also  been  found 
where  considerable  current  was  picked  up.  Such  cases  have 
frequently  arisen  where  a  cable  crosses  a  bridge  in  an  iron 
conduit,  and  where  the  conduit  is  in  metallic  contact  through 
the  structure  of  the  bridge  with  trolley  tracks  on  the  bridge, 
whereby  large  currents  were  found  to  flow  from  the  tracks 
through  the  bridge  structure  and  iron  conduit  to  the  cable 
system.  In  such  cases  insulating  joints  have  been  installed 
on  each  side  of  such  sections  or  crossings  so  as  to  interrupt 
the  metallic  continuity  of  the  main  cable  sheath  and  prevent 
current  from  the  bridge  reaching  the  cable  system.  Where, 
after  this  was  done,  considerable  potential  differences  were 
found  to  exist  across  the  outer  ends  of  the  cable  sheaths,  these 
were  equalized  by  connecting  the  cable  sheaths  at  the  two  ends 
together  by  an  insulated   wire. 

A  simple  and  cheap  form  of  insulating  joint  for  lead  cable 
sheaths  which  has  been  very  generally  used  consists  in  cutting 
out  a  narrow  strip  of  lead  and  covering  the  break  with  a  suit- 
able insulating  and  waterproof  material  so  as  to  effectively 
prevent  entrance  of  moisture. 
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This  method  of  protecting  underground  structures  has  not 
been  widely  used  as  a  primary  means  of  electrolysis  protection, 
partly  because  of  the  great  expense  involved.  Further,  insulat- 
ing joints  unless  used  with  caution  may  introduce  serious  trouble 
at  many  -points.  This  method  has  proved  useful  especially  in 
certain  new  installations,  but  to  protect  existing  installations 
by  this  means  would  involve  prohibitive  cost.  It  is  usually  re- 
garded as  a  suitable  auxiliary  measure  to  be  used  in  certain  cases 
which  cannot  economically  be  taken  care  of  by  other  means. 

56.   Insulating  Pipes,  Cables  and  Structural  Steel  from  Earth. 

Many  attempts  have  been  made  in  practice  to  protect  under- 
ground pipes  from  electrolysis  by  insulating  the  pipes  from 
earth  by  paints,  dips  or  insulating  coverings.  It  has  been 
found,  however,  that  no  dip  or  paint  will  permanently  protect 
a  pipe  from  electrolysis  in  wet  soil.  The  first  difficulty  that  is 
met  is  to  apply  the  paint  so  as  to  form  an  absolutely  perfect 
coating,  and  then  to  prevent  mechanical  damage  to  the  coating. 
Where  a  coated  pipe  is  in  a  positive  area  it  has  been  found  that 
aggravated  trouble  from  rapid  destruction  of  the  pipe  has 
resulted  at  spots  in  the  pipe  where  there  are  imperfections  in 
the  coating.  It  has  further  been  found  that  even  where  paints 
or  dips  are  apparently  intact,  electrolytic  action  has  taken 
place  causing  severe  pitting  under  apparently  good  coatings. 
It  has  been  found  that  in  most  cases  the  coatings  applied  have 
either  Ipeen  completely  destroyed  by  the  effects  of  the  wet 
soil  and  electric  currents,  or  defects  in  the  coating  have  de- 
veloped, causing  concentrated  corrosion  at  such  defective  spots. 
It  has,  in  fact,  been  found  that  pipes  located  in  positive  areas 
covered  with  imperfect  insulating  coatings  are  more  rapidly 
destroyed  by  electrolysis  than  bare  pipes  under  the  same  con- 
ditions. It  has  been  found  that  coating  pipes  in  negative  areas 
with  insulating  coverings  accomplishes  some  good  by  reducing 
the  amount  of  stray  current  which  reaches  the  pipe. 

Investigations  indicate  that  the  destruction  of  paints  in 
wet  soil  where  subjected  to  an  electric  current  is  probably  due 
to  a  trace  of  moisture  finding  its  way  through  the  coating,  giv- 
ing rise  to  the  flow  of  a  feeble  current  and  resulting  in  a  very 
slight  amount  of  electrolysis.  The  gases  and  other  products 
of  electrolysis  then  form  blisters  and  finally  rupture  the  coating. 

Attempts  have  been  made  in  practice  to  apply  a  molten 
material  like  pitch  or  asphaltum  to  a  cold  pipe  in  the  field  by 
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means  of  brushes,  but  it  has  been  found  impossible  to  com- 
pletely cover  the  pipe  in  this  way.  A  type  of  insulating  cover- 
ing which  has  been  successfully  applied  in  a  number  of  installa- 
tions, and  which  appears  to  afford  certain  protection,  consists 
of  a  layer  of  at  least  from  1  to  2  inches  of  a  material  like  pitch 
or  parolite  of  such  a  grade  that  it  is  not  brittle  and  so  will  not 
crack,  but  yet  is  hard  enough  to  remain  in  place.  It  has  been 
found  best  to  apply  such  a  layer  by  surrounding  the  pipe  with 
a  wooden  box,  supporting  the  pipe  upon  creosoted  blocks  of 
wood  or  upon  blocks  of  glass,  and  then  filling  the  space  between 
the  box  and  the  pipe  with  the  molten  material.  The  cost  of 
carrying  out  such  an  installation  is,  however,  large.  The 
method  has  been  applied  in  special  cases,  such  as  service  pipes 
in  very  bad  localities,  and  in  the  case  of  some  very  important 
individual  pipe  lines  of  comparatively  small  size. 

Attempts  have  been  made  to  protect  a  pipe  from  electrolysis 
by  imbedding  it  in  cement  or  concrete,  but  these  attempts 
have  not  been  successful,  even  where  the  cement  or  concrete 
was  several  inches  in  thickness.  The  reason  for  this  is  that 
concrete  in  damp  earth  acts  as  an  electrolytic  conductor,  like 
damp  soil,  and  therefore  cannot  afford  protection  from  elec- 
trolysis. 

The  following  experience  and  practice  is  that  of  a  gas  com- 
pany in  a  large  city  which  uses  cast-iron  pipes  in  general  in  their 
distributing  system  with  wrought-iron  services.  They  make 
it  a  uniform  practice  to  protect  all  of  their  service  pipes  with  an 
insulating  coating.  As  a  preliminary  the  pipes  are  first  cleaned 
with  a  wire  brush,  in  order  to  remove  all  scale.  They  are  then 
dipped  into  a  hot  coal  tar  compound,  then  wrapped  for  the 
entire  length  with  a  strip  of  canvas,  and  then  again  dipped  in 
the  compound.  In  spite  of  this  protection,  however,  they  have 
some  trouble  with  their  services.  The  difficulty  is  due  to  their 
inability  to  get  a  continuous  coating  over  the  entire  surface 
of  the  pipe.  Small  pin  holes  are  left  in  the  coating  due  to  minute 
bubbles  of  air,  or  some  similar  cause,  so  that  if  the  pipes  are 
positive  the  flow  of  current  from  the  pipe  through  moist  earth 
is  confined  to  these  minute  pin  holes  through  the  insulating 
compound.  The  result  is  that  the  action  of  the  ciurent  forms 
a  small  blister  of  iron  rust  at  the  point  where  the  pin  hole  is 
located,  and  after  the  blister  becomes  so  large  as  to  loosen  a 
piece  of  the  compound,  the  action  takes  place  at  a  very  rapid 
rate  and  soon  destroys  the  pipe.     In  some  locations  some  of  the 
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service  pipes  have  to  be  renewed  within  a  period  of  six  months 
on  account  of  the  leaks  caused  by  the  electrolytic  corrosion. 

Attempts  have  been  made  to  insulate  lead-sheathed  cables 
from  earth,  but  these  attempts  have  not  generally  been  at- 
tended with  beneficial  results.  The  experience  of  the  telephone 
companies,  who  are  the  largest  users  of  lead-sheathed  cables, 
has  been  that  it  is  futile  to  attempt  to  insulate  lead-sheathed 
cables  from  earth.  It  is,  however,  the  practice  of  the  telephone 
companies  to  make  every  effort  to  prevent  metallic  contact 
between  their  lead-sheathed  cables  and  other  grounded  struc- 
tures throughout  the  run  of  the  cable,  except  where  it  has  been 
determined  by  a  careful  survey  that  a  drainage  connection  to 
some  particular  structure  is  required  for  the  protection  of  the 
cable. 

The  use  of  insulating  ducts  has  been  proposed  at  various 
times,  but  investigations  of  the  telephone  companies  do  not 
show  that  their  use  affords  satisfactory  insulation  of  the  cable 
sheaths  from  earth,  with  the  result  that  the  telephone  com- 
panies do  not  place  any  reliance  in  any  insulating  property 
that  any  of  the  duct  material  may  inherently  possess.  The 
prinqipal  duct  material  at  present  used  by  the  telephone  com- 
panies for  main  cable  subway  runs  is  vitrified  clay  and  creo- 
soted  wood.  For  laterals  and  short  cable  runs  iron  pipe  is 
frequently  used. 

Lajdng  telephone  cables  in  troughs  and  surrounding  them 
solidly  with  asphalt  was  a  method  employed  in  the  early  days 
of  telephone  construction,  but  this  method  was  abandoned 
because  of  its  inflexibility  and  because  of  the  great  difficulty 
of  repairing  defects  or  replacing  cables.  It  was  further  found 
that  this  method  did  not  positively  insulate  the  cables  every- 
where from  earth  on  account  of  cracks  and  other  discontinuities 
in  the  asphalt  which  were  found  in  practice  to  develop. 

Steel  tape  armored  cables  protected  with  a  thoroughly 
saturated  jute  covering  have  been  used  buried  directly  in  earth. 
Such  covering  has  been  found  to  be  effective  for  a  number  of 
years  in  protecting  the  armor  against  electrolytic  corrosion, 
except  at  points  where  the  jute  has  been  abraded  or  cut  so 
as  to  expose  the  metal. 

Where  steel  structures  extending  underground  are  located 
so  as  to  be  subjected  to  electrolytic  action,  the  portions  below 
ground  have  been  enclosed  with  insulating  materials.  For  this 
purpose  any  material  that   excludes   water,   as  for  instance 
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paints  having  an  asphalt  base,  have  been  successfully  used, 
while  many  of  the  ordinary  paints  have  not  been  found  effective. 
It  has  also  been  found  that  surrounding  steel  with  concrete 
where  this  is  imbedded  in  damp  earth  does  not  afford  absolute 
protection  against  electrolysis,  although  the  electrolytic  action 
is  most  severe  at  first  and  becomes  less  with  time,  because  the 
formation  of  chalk  in  the  concrete  fills  the  pores  of  the  concrete 
and  increases  its  resistance  and  the  iron  oxide  forming  on  the 
surface  of  the  metal  also  increases  the  resistance.  Special 
preparations  of  Portland  cement  properly  applied  so  as  to  be 
watertight  have  also  been  found  to  afford  good  protection. 

66.  Shielding,  or  the  Use  of  an  Auxiliary  Anode.  In  some 
special  cases  underground  structures  have  been  protected  from 
electrolysis  by  connecting  to  the  structure  an  auxiliary  metallic 
conductor  located  so  as  to  cause  the  current  to  flow  to  earth 
from  the  auxiliary  conductor.  This  mode  of  protection  is 
known  as  shielding.  When  applying  this  method  it  has  been 
found  necessary  to  take  care  that  the  auxiliary  shielding  con- 
ductor does  not  merely  increase  the  electrode  areas  from  which 
the  current  leaves,  because  in  this  case  the  current  will  continue 
to  leave  from  the  structure  which  is  to  be  protected.  This 
has  been  found  to  be  the  practical  result  where  a  shielding 
conductor  of  the  same  or  less  contact  area  was  placed  in  earth 
near  the  structure  to  be  protected  and  where  the  stray  current 
then  left  from  both  structures.  The  shielding  conductor  must 
be  so  placed  that  current  will  be  prevented  from  leaving 
the  structure  to  be  protected  or  so  as  to  cause  its  magnitude 
to  be  greatly  reduced.  The  method  has  in  some  installations 
been  applied  to  a  structure  which  forms  the  dead  end  of  an 
underground  metallic  system  and  where  the  structiure  is  highly 
positive  to  earth.  In  cases  of  this  kind  it  has  been  found  that 
the  current  leaves  at  relatively  high  density  from  and  near  the 
dead  end  of  the  structure,  with  the  result  of  rapid  destruction 
of  the  portion  near  its  dead  end.  In  such  cases  an  auxiliary 
shielding  conductor  of  adequate  contact  surface  extending  be- 
yond the  dead  end  and  electrically  connected  to  the  structtu^ 
to  be  protected  has  been  installed  in  such  a  manner  that  the 
bulk  of  the  current  was  caused  to  leave  the  auxiliary  shielding 
conductor,  thus  affording  a  certain  degree  of  protection  to  the 
dead  end  of  the  structure. 

The  shielding  method  has  also  been  effectively  applied  for 

Digitized  by  LjOOQ IC 


AMERICAN  PRACTICE  1749 

the  protection  of  relatively  small  iron  or  steel  pipes,  such  as 
service  pipes.  In  these  cases  the  service  pipe  has  been  sur- 
rounded by  a  larger  metal  pipe  electrically  connected  to  the 
smaller  pipe.  One  application  of  this  method  which  is  in  use 
is  that  of  a  service  pipe  crossing  under  tracks  or  crossing  other 
structures  to  which  it  is  positive  and  where  the  pipe  comes 
relatively  close  to  the  rails  or  other  structures  at  the  point  of 
crossing.  In  these  cases  a  larger  shielding  pipe,  usually  of 
heavy  cast  iron,  has  been  placed  around  th6  service  pipe  and 
electrically  connected  to  the  service  pipe  and  extended  suf- 
ficiently on  each  side  of  the  crossing  so  that  the  major  part  of 
the  current  was  caused  to  leave  the  shielding  pipe,  thereby 
corroding  the  shielding  pipe  while  protecting  the  service  pipe. 

57.  Drainage  of  Earthed  Metallic  Structures. 

(a)  Lead-sheathed  Telephone  and  Power  Cables.  The  method 
of  protection  against  electrolysis  used  generally  by  telephone 
companies  for  their  cable  sheaths  consists  of  installing  insulated 
conductors,  called  drainage  wires,  between  the  negative  re- 
turn system  of  the  railway  and  points  on  the  cable  system 
where  the  positive  potential  to  earth  is  highest.  The  ptupose 
of  these  drainage  wires  is  to  conduct  the  stray  railway  current 
from  the  cable  sheaths  to  the  railway  negative  return  circuit, 
thereby  preventing  this  current  from  flowing  from  the  cable 
sheaths  to  earth  and  causing  corrosion  from  electrolysis.  In 
order  to  afford  complete  protection  it  has  been  found  that  such 
drainage  wires  must  have  sufficient  conductivity  and  must  be 
so  located  that  the  lead  sheath  of  the  cable  network  is  every- 
where lower  in  potential  than  the  adjacent  earth. 

As  the  potential  of  the  cable  sheath  is  lowered  by  the  con- 
nection of  the  drainage  wire  from  the  railway  negative  return 
circuit  the  current  flowing  on  the  cable  sheath  is  thereby  in- 
creased. In  order  that  this  current  does  not  become  excessive, 
care  is  taken  to  prevent  contacts  between  cable  sheaths  and  other 
underground  structures,  through  which  currents  could  flow 
to  the  cable  sheaths. 

The  drainage  method  is  also  employed  to  a  considerable 
extent  for  the  protection  of  underground  power  cables,  and  the 
principles  involved  in  its  application  are  the  same  as  for  tele- 
phone cables.  When  power  cables  are  worked  at  relatively 
high  temperatures  they  should  not  also  carry  a  heavy  drainage 
current  which  might  cause  over  heating.    Where  such  conditions 
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prevail  drainage  is  not  employed,  but  insulating  joints  are  used 
to  break  up  the  continuity  of  the  lead  sheaths. 

(b)  Pipe  Systems:  The  early  success  of  the  drainage  method 
in  affording  protection  against  electrolysis  of  lead-sheathed 
cables  led  to  the  proposal  to  apply  the  same  method  of  protection 
to  underground  piping  systems.  The  result  has  been  that 
in  some  cases  drainage  has  been  applied  to  gas  and  water  piping 
systems  to  a  greater  or  lesser  extent.  Some  of  these  installations 
are  reported  to  be  a  success,  while  others  are  reported  to  have 
been  attended  with  objectionable  results. 

It  has  been  found  that  there  are  certain  differences  between 
the  application  of  drainage  to  pipes  and  the  application  of  drain- 
age to  cable  sheaths.  The  principal  difference  that  has  been 
found  is  that  the  cable  sheaths  are  electrically  continuous  and 
uniform  conductors,  while  the  pipes  are  generally  non-uniform 
and  sometimes  discontinuous  conductors,  by  reason  of  the  joints. 
It  is  found  that  where  ciurent  flows  along  a  pipe  and  encounters 
a  high  resistance  joint,  part  of  the  current  will  leave  the  pipe  on 
the  positive  side  of  the  joint  to  flow  to  some  other  tmderground 
conductor  or  to  shunt  around  the  joint  and  thereby  cause  electro- 
lytic corrosion  of  the  pipe  on  the  positive  side  of  the  joint. 

Another  difference  between  lead-sheathed  cables  and  piping 
systems  is  that  the  cables  are  relatively  small  and  are  con- 
tained in  ducts,  so  that  unless  they  are  submerged  they  are 
not  in  direct  contact  with  earth,  except  at  infrequent  points, 
whereas  gas  and  water  pipes  form  extensive  sjrstems  and 
are  buried  directly  in  earth.  It  is  found  as  a  result  of  this  that 
a  drainage  connection  from  an  underground  piping  system 
generally  causes  very  much  larger  currents  to  flow  on  the  piping 
system  than  a  drainage  connection  from  an  underground  cable 
system. 

In  the  application  of  the  drainage  system  it  has  been  found 
that  unless  all  sub-surface  metallic  structures  affected  by  stray 
currents  have  been  bonded  together  in  such  a  way  that  at  every 
point  where  the  different  structures  come  into  proximity  to  one 
another  all  are  maintained  at  the  same  potential,  damage  to  the  un- 
connected structures  has  in  certain  instances  resulted  from  a  flow 
of  current  through  earth  from  the  structure  of  higher  to  that  of 
lower  potential,  thus  causing  electrolysis  of  the  former.  As  struc- 
tures owned  by  different  interests  cannot  be  bonded  together  ex- 
cept by  an  agreement  between  the  owners,  this  has  frequently  of 
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Itself  made  it  impossible  to  apply  a  comprehensive  drainage  sys- 
tem to  all  structures,  because  of  the  impossibility  of  obtaining 
an  agreement  of  all  owners  to  allow  connections  to  their  struc- 
tures, except  on  condition  that  another  interest  assume  liability 
for  any  injury  which  may  result  from  such  connections. 

Current  flowing  on  piping  systems  which  convey  inflammable 
substances  such  as  gas  or  oil  constitutes  a  danger,  as  cases 
have  been  reported  where  stray  currents  on  pipes  have  caused 
arcs  which  have  ignited  the  gas  or  oil  when  an  intentional  or 
accidental  break  in  the  pipe  has  occurred.  In  other  instances 
serious  damage  from  explosions  and  fire  has  been  caused  by 
an  arc  due  to  the  intermittent  contact  between  pipes. 

(c.)  Structural  Steel.  In  a  number  of  installations  special 
precautions  have  been  taken  to  prevent  stray  current  from  reach- 
ing structural  steel.  Where  in  these  cases  such  currents  were 
found  to  reach  the  structure  by  means  of  pipes  or  other  metallic 
connections,  insulating  joints  have  been  placed  in  such  connec- 
tions, or  these  pipes  or  conductors  have  been  carried  on  insulated 
supports.  In  some  cases  where  flow  of  stray  currents  to  a  steel 
structure  could  not  be  entirely  prevented,  drainage  connections 
from  the  structure  to  the  railway  negative  return  circuit  have 
been  installed  to  remove  the  stray  current  from  the  structure, 
and  where  there  were  expansion  joints  in  the  structure  these 
have  been  bonded  across  by  metallic  conductors. 

C.    PATENTED  PROTECTIVE  SYSTEMS. 

68.  Foreign  and  Domestic  Patents.  There  have  been  many 
patents  taken  out  in  this  country  and  abroad  within  the  last 
twenty  years,  covering  systems  of  electrolysis  mitigation. 
Reference  may  be  had  to  Technologic  Paper  No.  52  issued  by 
the  Bureau  of  Standards,  Washington, 'D.  C. 

D.     ORDINANCES  AND  DECISIONS. 

69.  Ordinances.  A  number  of  cities  have  ordinances  directed 
to  the  construction  and  operation  of  electric  railways.  The 
Committee,  however,  does  not  possess  sufficiently  definite 
information  as  to  the  extent  to  which  they  have  been  put  into 
effect  or  the  results  secured  to  warrant  it  in  stating  any  facts 
regarding  them  at  present. 
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60.  Decisions  of  Courts.  While  there  have  been  several  cases 
of  electrolysis  litigation  in  this  country  each  of  these  has  either 
been  concerned  only  with  certain  phases  of  the  subject  or  has 
been  limited  by  local  conditions,  so  that  there  are  no  leading 
decisions  by  cotats  in  this  country  which  define  specifically 
the  duties  and  rights  of  the  several  parties  concerned. 
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IV.  EUROPEAN  PRACTICE. 

A.  GENERAL. 

61.  Personal  Investigation  Necessary.  In  the  study  of  the 
praxjtice  followed  in  European  countries  in  handling  the  problem 
of  electrolysis,  it  appeared  impossible  to  secure  reliable  and 
satisfactory  information  by  mere  correspondence  and  consulta- 
tion of  published  reports  and  regulations;  and  further,  since  the 
important  independent  investigations  made  by  American  in- 
vestigators several  years  ago  were  private  and  made  from  the 
standpoint  of  some  special  industry  rather  than  from  a  com- 
prehensive all-around  point  of  view  the  necessity  of  an  in- 
dependent investigation  was  made  evident. 

The  Chairman  of  this  Sub-Committee,  after  constiltation 
with  its  members  and  the  General  Chairman  decided  to  visit 
several  important  European  countries  during  the  summer  of 
1914.  He  was  accompanied  by  Mr.  A.  Maxwell,  Testing 
Officer  of  The  New  York  Edison  Company,  who  was  thoroughly 
conversant  with  electrolysis  measurements  and  surveys.  The 
effort  to  have  the  Bureau  of  Standards  appoint  a  representative 
to  join  the  visiting  representatives  failed  on  account  of  ex- 
tensive engagements  of  the  Bureau,  but  a  consultation  was  held 
in  Washington,  and  the  field  of  inquiry  and  special  points  to 
be  looked  after  were  carefully  discussed,  and  a  list  of  classified 
questions  prepared,  so  that  as  far  as  possible  uniformity  of 
system  of  investigation  could  be  followed  in  all  instances. 
Similar  consultations  were  held  with  members  of  the  main 
Committee.  Information  on  important  foreign  cities  and 
authorities,  was  received  from  Mr.  H.  S.  Warren,  also  foreign 
papers,  suggestions  and  references  from  Prof.  Albert  P.  Ganz. 

62.  Countries  Visited.  The  visiting  Committee  spent  June 
and  Jtdy  in  its  investigation,  covering  Germany,  Italy,  France 
and  England.  In  each  country  an  effort  was  made  to  take 
meastu-ements  and  collect  data  and  surveys,  also  to  interview 

the  most  prominent  people  in  each  branch  of  the  diff^ent        t 
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interests  affected  by  the  problem  of  electrolysis;  in  each  case 
extended  and  often  repeated  conferences  were  held  with  the 
engineers  most  familiar  with  the  details,  either  in  their  capacity 
of  specialized  consulting  engineers  or  officials  of  corporations 
or  public  authorities  directly  concerned  in  the  surveys,  disputes, 
administrative  measures,  etc.  relating  to  electrolysis. 

The  essential  and  characteristic  restdts  of  the  investigation 
are  briefly  outlined  in  the  following  paragraphs,  classified  by 
countries  visited.  The  references  and  appendixes  to  this  sum- 
mary should  be  consulted  for  details  of  design,  operation  and 
statistical  information. 

B.     GERMANY. 

63.  Laws  and  Ordinances.      There  are  no   specific    statu- 
tory  laws.      The   conmion   law    of     most    States    prescribes 
that    all    the    conditions    under    which    a    corporation    is  to 
operate  must  be  prescribed  in  the   original   grant   or  for  any 
extension  of  lines,  and  the  law  prescribes  that  due  publicity 
be  given  to  any  request  for  a  franchise  or  extension  of  lines, 
so  as  to  enable  all  parties  which  may  be  affected  to  place  on 
record  any  limitation,  or  possible  damage  they  wish  to  be  pro- 
tected against,  before  the  concession  is  granted  to  the  applicant. 
Hence,    a   pipe   owning   company   organized   subsequently   to 
the  existence  of  an  electric  railway,  could  not  claim  damages 
for  electrolysis  from  this  electric  railway  unless  the  original 
franchise  to  the  railway  contained  a  clause  regarding  electrol- 
ysis damages  from  stray  currents. 

On  the  other  hand,  when  the  municipality  undertakes  the 
construction  and  operation  of  a  tramway  system,  the  pipe 
owning  companies  then  in  existence  are  deprived  of  the  privilege 
of  demanding  that  protection  against  possible  future  damages 
by  electrolysis  which  would  be  accorded  to  them  in  the  case  of 
a  new  private  railway  company.  The  municipality  does  not 
assume  legally  the  obligation  to  protect  the  existing  interests 
against  possible  damages  by  electrolysis.  The  municipalities, 
however,  both  for  their  new  railway  constructions,  as  well  as 
for  new  extensions  of  existing  companies'  railways,  always 
prescribe  that  they  be  constructed  and  operated  in  accord- 
ance with  existing  technical  standards. 

The  recommendations  of  the  German  Earth  Ciurent  Com- 
mission are  recognized  as  the  existing  technical  standards  re- 
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garding  matters  relating  to    electrolysis,    and  •in  this  manner 
they  have  assumed  almost  the  inntportance  of  law. 

64.  Commission  Recommendations.  The  German  Earth  Cur- 
rent Commission's  recommendations  adopted  in  1910  by  the 
German  Electrotechnical  Society  prescribe  the  following: 

In  large  cities,  the  maximum  rail  drop  is  to  be  limited,  in  the 
urban  net-work  and  for  a  distance  of  2  km.  beyond,  to  2.5  volts 
and  to  1  volt  per  km.  beyond  this  central  district.  Exceptions 
are  made  for  roads  operating  only  a  few  hours  a^  day.  (It  may 
be  noted  here  that  the  maximum  drop  is  interpreted  to  be 
the  average  maximum  drop  for  the  period  of  the  normal  day 
traffic,  usually  18  hours  in  every  24  hours.)  Bonds  must  not 
increase  the  resistance  of  tracks  over  20% — must  be  tested 
yearly  and  when  a  connection  shows  a  resistance  higher  than 
10  meters  of  rail  it  must  be  repaired.  Connections  to  pipes 
are  prohibited.  Bare  feeder  returns  are  not  allowed.  Pilot 
wires  are  prescribed. 

Since  these  regulations  were  promulgated  from  20  to  30 
installations  in  Germany  (some  municipally  owned  and  some 
privately)  have  taken  steps  to  bring  up  their  standard  of  con- 
struction to  meet  these  regulations. 

66.  Construction.  In  large  cities,  like  Berlin,  the  railways 
are  supplied  by  a  great  number  of  combination  light  and  rail- 
way substations  feeding  limited  districts,  entailing  relatively 
small  positive  line  drops  of  potential.  In  some  cases  like  Berlin, 
each  feeding  point  is  fed  by  positive  and  negative  cables  of 
equal  cross-section. 

Insulated  returns  with  balancing  resistances  are  predom- 
inantly used  in  Germany,  though  there  are  a  few  installations 
with  negative  boosters,  like  Danzig,  where,  however,  insulated 
returns  with  balancing  resistances  as  well  as  boosters  are  used. 

There  are  very  few  large  installations  using  bare  returns. 
The  "drainage  system"  was  used  in  Aachen  but  it  is  now  a 
subject   of  litigation. 

66.  Conditions.  In  general  the  electrolysis  conditions  through- 
out Germany  are  now  very  satisfactory.  In  the  past  the  majority 
of  troubles  have  been  on  gas  and  water  pipes,  or  at  least  these 
have  received  more  attention  in  the  reports.  The  railway 
experts  expressed  the  opinion  that  the  regulations  were  too 
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Stringent;  the  gas  and  water  pipe  experts  expressed  the  opinion 
that  the  regulations  were  too  lenient.  The  studies  are  made 
in  the  most  excellent  technical  manner  and  the  conclusions 
arrived  at  appear  to  be  practicable  and  reasonably  acceptable 
to  all  parties  concerned. 

Measurements  were  made  by  the  Sub-Committee  of  one  large 
installation  and  it  was  found  that  the  maximum  drops  in  rails 
were  well  within  the  limits  prescribed  by  the  German  regulations. 
More  extended  measurements  were  omitted,  depending  for 
other  information  on  the  surveys  made  by  the  German  Earth 
Current  Commission. 

C.     ITALY. 

67.  Laws  and  Ordinances.  The  Government  has  not  en- 
acted any  law  affecting  the  operation  of  electric  railways  in 
relation  to  electrolysis  problems,  nor  has  any  municipality 
issued  regulations  on  the  subject. 

68.  Construction.  Bare  returns  are  generally  used,  in  large 
installations. 

69.  Conditions.  From  a  survey  made  in  a  city  six  years 
ago,  it  was  found  that  the  maximum  differences  of  rail  potential 
were  as  great  as  17.5  volts  between  station  and  distant  points 
about  three  miles  away.  In  this  installation  they  had  not 
received  complaints  of  serious  damages  by  electrolysis,  except 
a  few  gas  service  pipes,  though  the  railroad  itself  had  experi- 
enced some  difficulties  on  water  pipes  at  one  of  its  yards. 

Some  of  the  larger  systems  in  important  cities  are  alive  to 
the  situation  and  are  following  with  interest  the  developments 
in  other  countries. 

In  general,  troubles  from  electrolysis  have  been  considered  in- 
significant in  the  Italian  practice. 

D.     FRANCE. 

70.  Laws  and  Ordinances.  A  Ministerial  Decree  of  March 
21,  1911,  prescribes  that  the  maximimi  voltage  drop  in  rail 
returns  of  electric  tramways  shall  not  exceed  one  volt  per  kHo- 
meter,  except  in  locations  where  there  do  not  exist  metallic 
masses  in  the  neighborhood  of  the  tracks,   where  the  limit 


Digitized  by  LjOOQ IC 


EUROPEAN  PRACTICE  1757 

may  be  exceeded.  No  definition  is  given  of  the  time  element 
in  the.  measurement  of  the  maximum  drop,  except  by  stating 
that  it  must  be  the  average  during  the  normal  passage  of  the 
cars.  The  same  decree  prescribes  that  the  bonds  must  be 
kept  in  the  best  possible  condition,  that  the  resistance  of  each 
must  not  be  greater  than  10  metres  of  normal  rail  and  that 
periodic  tests  must  be  made  and  recorded  on  a  register  which 
must  be  subject  to  inspection  on  the  call  of  the  control  service. 
The  return  feeders  must  be  insulated. 

71.  Construction.  While  the  Government  regulations  pres- 
cribe the  use  of  insulated  returns,  we  were  informed  that  in 
general  the  practice  is  to  connect  the  rails  to  the  negative  bus 
and  to  rarely  use  insulated  returns.  Noticeable  exceptions  are 
the  Paris  conduit  system  tramways  using  complete  insulated 
returns,  and  the  Paris  Nord-Sud  Subway  Company  operating 
a  three  wire  system  with  the  rails  as  neutral. 

72.  Conditions.  The  investigation  was  somewhat  limited 
in  France.  In  general  serious  electrolysis  troubles  were  found 
only  in  a  few  situations,  either  created  by  installations  of  heavy 
traffic  electric  lines,  or  by  pectdiar  conditions  not  readily  ex- 
plainable. The  maximum  drop  of  potential  between  pipe  and 
rail  measured  by  this  Committee  was  about  6  volts  at  a  loca- 
tion where  trouble  has  been  persistent  and  serious. 

Damage  has  been  caused  in  the  past  to  gas  pipes  in  Paris 
during  the  period  of  transformation  of  the  old  two-wire,  three- 
wire  and  five-wire  systems  of  electric  light  distribution,  but 
all  of  these  troubles  were  only  of  temporary  character  and 
were  promptly  remedied  as  soon  as  discovered. 

Many  suits  (about  twenty)  for  electrolysis  damages  are  being 
tried  in  Paris.  On  account  of  the  situation  created  by  these 
suits  the  Paris  municipality  and  the  government  have  recently 
appointed  a  Commission  to  investigate  the  subject  and  make 
recommendations  regarding  the  electrolysis  situation  in  the  City 
of  Paris. 

E.    ENGLAND. 

73.  Laws  and  Ordinances.  The  Board  of  Trade  regulations 
prescribe  that  the  maximum  rail  drop  shall  not  exceed  seven 
volts.    In  practice  the  Board  takes  as  the  voltage  drop  the  mean 
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between  the  average  and  the  momentary  maximum  values  for 
the  period  of  a  schedule  run  at  time  of  maximtmi  traffic,- exclu- 
sive of  exceptional  occasions  like  athletic  games,  etc.  The  per- 
iods assiuned  vary  from  15  to  30  minutes.  The  regula- 
tions also  contain  other  requirements,  prescribing  measure- 
ments of  track  leakage,  etc. ;  in  actual  practice,  however,  little 
attention  is  paid  to  any  other  requirements  as  long  as  the 
seven  volt  over-all  rail  drop  is  not  exceeded. 

74.  Construction.  Whenever  the  resistance  of  the  rails 
would  give  a  drop  in  excess  of  seven  volts,  insulated  return 
feeders  with  resistances,  or  negative  boosters  are  used;  the 
latter  more  extensively  than  in  any  other  country. 

76.  Conditions.  The  sub-committee  found  that  in  all  the 
several  cities  visited  the  Board  of  Trade  regulations  were  met 
well  within  the  limits.  In  fact,  on  the  average  the  maximum 
drops  measured  in  all  large  cities  visited  in  the  months  of  June 
and  July  were  about  two  volts. 

The  Board  of  Trade  regulations  are  not  considered  onerous 
by  any  of  the  railway  engineers  we  consulted.  All  authorities 
representing  the  pipe  owning  companies,  the  railways,  the 
State  telegraph  and  telephone  and  the  Board  of  Trade  were 
unanimous  in  stating  that  the  electrolysis  situation  on  the 
properties  under  their  respective  control  was  entirely  satis- 
factory. 

The  only  question  raised,  and  this  only  by  a  limited  number 
of  pipe  owning  entities,  is  whether  the  electric  railways  should 
not  be  held  legally  responsible  for  any  damages,  even  when 
they  comply  with  the  Board  of  Trade  regulations.  Two  or 
three  attempts  have  been  made  to  have  a  law  passed  by  the 
Parliament  to  this  effect,  and  two  or  three  pipe  exhibits  have 
been  repeatedly  presented  to  prove  electrolysis  damages,  but 
the  Parliament  refused  to  act. 

The  seven  volt  limitation  is  considered  somewhat  of  a  hap- 
hazard empirical  measure  formulated  many  years  ago,  but 
having  given  good  results  it  is  considered  good  enough,  though 
it  is  conceded  that  some  more  rational  measure  could  probably 
now  be  devised  to  replace  it.  However,  no  demand  was  dis- 
covered for  a  change  on  the  part  of  anyone  concerned. 
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F.     SUMMARY  AND  CONCLUSIONS. 

76.  Germany  through  voluntary  co-operation  has  probably 
remedied  the  former  dangerous  electrolysis  conditions  in  all 
of  its  important  systems.  The  instrtmientality  of  agreements 
on  definite  technical  standards  was  sought  in  preference  to 
legislation  for  different  states. 

Italy  will  probably  give  more  consideration  to  the  subject 
of  electrolysis  whenever  the  general  conditions  will  permit. 

France  has  not  been  as  successful  in  bringing  prompt  results 
through  legislation,  as  has  Germany  through  technical  co- 
operation. 

England,  which  has  had  the  benefit  of  Government  regula- 
tion for  many  years,  has  now  no  electrolysis  troubles  nor  dis- 
putes. 

In  Germany  and  England,  the  subject  of  electrolysis  has 
received  extensive  study  and  consideration.  The  attached 
typical  abstracts  of  reports  of  the  German  Earth  Current 
Commission  and  the  appendix  of  the  detail  report  of  the  Sub- 
Committee  are  evidence  of  the  methods  followed  and  the  satis- 
factory results  obtained  abroad  by  adopting  the  following 
measures: 

1st.     Maintenance  of  good  bonding. 

2nd.  Elimination  of  intentional  contacts,  and  liberal  separ- 
ation, whenever  possible,  of  pipes  and  rails. 

3rd.  Avoidance  of  bare  copper  returns  and  use  of  insulated 
returns  in  all  installations  where  the  conductivity  of  the  rail 
alone  would  give  a  too  great  maximum  rail  drop. 

4th.  Use  of  insulated  returns  with  balancing  resistances, 
or  to  a  lesser  extent  "boosters,"  for  the  purpose  of  maintaining 
equality  of  rail  potential  at  the  feeding  points  of  all  feeders. 

5th.  Small  feeder  drops  and  frequent  substations  to  give 
close  line  regulation. 

77.  Application  to  American  Conditions.  This  study  has  not 
been  made  with  the  object  of  arriving  at  definite  recommenda- 
tions, but  to  point  out  that  disputes  on  account  of  electrolysis 
troubles  have  been  prevalent  in  the  past  in  all  countries  before  sys- 
tematic cooperative  studies  or  regulations  had  been  applied,  not- 
withstanding the  fact  that  the  mode  of  life  and  distribution  of 
population  and  industries  are  more  favorable  than  in  American 
cities.    The  average  weight  of  cars  in  foreign  cities  is  essen- 
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tially  less  than  in  most  American  cities  of  the  same  popu- 
lation and  the  tramway  traffic  and  loads  per  capita  may  be 
one-fifth  or  even  less  in  Europe  than  in  America.  A  city  like 
Beriin  with  over  2,000,000  inhabitants  handles  all  its  trans- 
portation with  a  maximum  load  of  about  30,000  k.w.  (Chicago 
and  the  adjacent  territory  with  2,600,000  population  requires 
a  maximum  load  of  about  200,000  k.  w.)  Manchester  with 
a  population  of  1,250,000  and  Glasgow  with  1,000,000  have 
traction  loads  of  11,000  k.  w.  and  11,500  k.  w.  respectively. 
(Boston  and  the  surrounding  territory  served  by  the  same  trac- 
tion system  has  an  approximate  population  of  1,150,000  and 
requires  a  power  station  capacity  of  75,000  k.  w.)  Milan  with 
a  population  of  over  600,000  inhabitants  has  a  traction  load 
of  approximately  8,000  k.  w.  and  Numberg  with  350,000 
inhabitants  uses  only  1000  k.  w.  (The  city  of  Worcester, 
Mass.  with  a  population  of  approximately  160,000  requires 
power  station  capacity  of  7,500  k.  w.)  These  comparisons 
should  not  be  taken  as  a  definite  index  to  comparative  elec- 
trolysis conditions  since  many  other  factors  are  involved. 

Other  similar  statistics  for  smaller  places  are  given  in 
Figure  6,  and  they  should  be  taken  in  consideration  in  applying 
to  this  country  the  results  of  this  investigation  of  foreign  prac- 
tice. Regardless  of  the  degree  of  improvement  which  economical 
limitations  may  make  permissible  to  accomplish  in  local  situa- 
tions, the  fundamentals  for  the  solution  of  the  electrolysis 
problem  evolved  abroad  merit  the  most  careful  study  to 
ascertain  their  possible  application  to  American  conditions. 


G.  REGULATIONS  ADOPTED  AND  PROPOSED. 

78.  Germany — Earth  Current  Commission's  Recommenda- 
tions. Recommendations  of  the  German  Earth  Current  Com- 
mission as  adopted  by  the  Gas,  Water  and  Railway  Interests  of 
Germany. 

Regulations  for  the  protection  of  gas  and  water  mains 
from  the  electrolytic  action  of  currents  from  direct  current 
Electric  Railways  which  use  the  rails  as  a  return. 

Accepted  for  two  years  at  the  yearly  meeting  of  1910 
and  for  a  fiuther  two  years  at  the  yearly  meeting  of  1912. 

Published  in  the  Electrotechnische  Zeitschrift  1910, 
page  491,  and  1911,  page  511. 
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Sbction  1.    Application  of  Rules. 

The  following  rules  govern  the  installation  of  direct  current 
railways  or  sections  of  direct  current  railways  which  tise  the 
rails  for  carrying  the  return  current.  Unless  otherwise  men- 
tioned the  herein  given  admissible  potential  values  should  be 
adhered  to  when  laying  out  new  railways.  For  determining 
the  resistance  of  a  line,  the  rails  only  must  be  taken  into  ac- 
count as  current  carrying  mediums  and  the  assumed  resistance 
of  the  rails,  as  well  as  the  assumed  percentage  increase  of  re- 
sistance due  to  the  bonding,  must  be  stated. 

These  values  must  not  be  exceeded,  either  when  making  the 
necessary  calculations  or  by  the  plant  when  in  actual  normal 
operation. 

These  rules  do  not  apply  when  railways  are  laid  with 
special  track  or  when  the  rails  are  laid  on  wooden  sleepers, 
in  which  case  there  is  generally  an  air  clearance  between  the 
rails  and  the  stone  ballast.  But  the  rules  do  apply  if  this 
air  clearance  does  not  exist,  as  at  grade  crossings,  unless  an 
equivalent  insulation  is  provided  for  locally.  Fiu'ther,  these 
rules  do  not  apply  to  railway  lines  which  do  not  approach 
closer  than  200  meters  to  an  underground  pipe  network. 

Explanation.* 

The  regulations  apply  only  to  direct  current  railroads  or 
sections  of  such,  using  the  rails  as  conductors.  Railroads  not 
using  the  rails  as  conductors  are  eliminated  from  the  start, 
because  the  same  do  not  send  any  currents  into  the  earth  and 
therefore  cannot  have  any  damaging  influence  on  the  pipes. 
According  to  the  experience  reached  so  far,  alternating  current 
seems  to  have  very  little  effect,  so  that  any  extension  of  these 
rules  to  cover  also  alternating  current  railways  does  not  seem 
justified.  At  any  rate,  the  conditions  produced  by  alternating 
current  railways  are  not  yet  sufficiently  understood  to  allow  of 
establishing  any  restrictions  in  regard  to  their  equipment  and 
operation  for  the  protection  of  pipes. 

In  case  a  railroad  is  operated  partly  with  direct  current 
and  partly  with  alternating  current,  these  regulations  apply 
only  to  those  sections  the  rails  of  which  carry  direct  current. 
The  fixed  upper  limits  of  permissible  potentials  apply  to  the 
design    of    the    plant,    unless    otherwise    stated,    and  in  the 

•Note  :  This  explanation  and  the  others  following  are  included  in  the 
German  Earth  Current  Committees  Recommendations. 
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calculations  only  the  rails  and  the  bonds  are  to  be  considered 
as  far  as  the  conductivity  and  the  resistances  of  the  conductors 
are  concerned.  The  assumed  resistance  of  the  rails  and  the 
increase  of  same  by  the  resistance  of  the  bonds  is  to  be  stated, 
and  such  limiting  values  are  not  to  be  exceeded  either  by  cal- 
culations or  in  practice. 

The  earth  as  a  shunt  is  not  considered.  Through  contact 
of  the  rail  network  with  the  ground,  a  part  of  the  current  passes 
into  the  ground  and  the  potentials  of  the  rail  network  are 
thereby  lowered  as  compared  with  a  case  of  perfect  insulation 
from  the  ground,  the  effect  becoming  greater,  the  more  the 
current  passes  into  the  ground.  It  is,  therefore,  not  correct 
to  take  the  differences  of  potentials  as  found  immediately 
after  the  construction  of  a  rail  network  as  a  basis  for  estimating 
the  safety  against  damaging  influences,  but  it  is  necessary  to 
go  back  to  the  first  cause,  that  is  to  say,  the  differences  of 
potential  as  they  would  be  if  the  rails  were  completely  instdated. 

This  rule  allows  of  an  exact  calculation  of  the  conditions 
during  the  design  of  the  plant  without  any  uncertain  and 
varying  values  for  different  localities.  The  limit  values  are 
not  to  be  exceeded  either  during  the  calculations  or  at  the 
actual  practical  test.  The  method  of  the  practical  test  will 
be  discussed  in  Section  3.  The  projection  of  the  plant  is, 
therefore,  to  be  based  on  assumptions  as  correct  as  possible 
with  regard  to  the  resistance  of  the  rail,  the  cables,  and  the 
consumption  of  current,  and  it  is  advisable  to  consider  also  a 
later  increase  of  the  traffic. 

Railroads,  the  rails  of  which  are  insulated  on  special  road- 
beds, generally  have  such  a  great  resistance  against  the  earth 
that  passage  of  current  into  the  ground  to  be  considered  as 
dangerous  to  pipes  does  not  occur.  Higher  potentials,  there- 
fore, are  permissible  for  such  railroads,  assuming  that  a  suffi- 
cient insulation  is  provided  for  also  on  grade  crossings,  etc. 

As  a  means  to  this  end  are  to  be  considered: 

Insulating  strata  between  rails  and  ground,  for  instance, 
tar  paper,  which  must  extend  on  alj  sides  sufficiently  beyond 
the  place  in  question;  or  the  surrounding  of  the  pipes  with 
insulating  material.  Such  places  are  to  be  inspected  from  time 
to  time  to  ascertain  the  effect  of  such  insulation. 

Fpr  the  exemption  from  these  regulations  the  laying  of  the 
rails  on  a  special  roadbed  is  required,  because  it  is  only  in  this 
way  that  a  permanent  insulation  can  be  reached  and  main- 
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tained.  About  the  details  of  the  system  of  insulation  to  be 
used,  no  rules  were  issued.  A  lasting  insulation  is  to  be  guar- 
anteed by  the  way  in  which  the  rails  are  laid.  The  laying 
of  rails  on  wooden  ties  as  mentioned  above  is  intended  as  an 
example  only.  At  any  rate  to  secure  satisfactory  insulation 
it  is  imperative  that  the  rails  be  nowhere  in  contact  with  the 
moisture  of  the  ground,  as  this  greatly  favors  the  passage  of 
the  current  into  the  ground. 

Tracks  which  are  at  all  points  at  least  200  m.  distant  from 
any  pipes  are  exempt,  because  any  current  coming  over  such 
an  extended  area  spreads  to  such  a  degree  that  its  density 
cannot  possibly  be  harmful.  In  this  respect  concession  has 
been  made  to  long  outlying  railway  lines  because  the  subjection 
of  such  to  these  regulations  would  entail  great  economic  disad- 
vantages in  certain  cases.  The  maintenance  of  good  con- 
ductivity on  such  outlying  sections  is  to  be  strongly  recom- 
mended so  as  to  prevent  the  return  currents  from  reaching  a 
dangerous  density  where  such  sections  join  the  rails  of  aa 
inner  rail  network,  i.e.,  a  density  exceeding  the  limit  given 
in  Section  5. 

Section  2.     Rail  Conductors. 

All  rails  serving  as  return  conductors  should  be  built  with 
regard  to  this  requirement,  should  be  made  as  good  conductors 
as  possible  and  should  always  be  kept  in  good  order. 

The  percentage  of  increase  of  the  resistance  of  a  given  length 
of  track  due  to  the  bonding  should  not  exceed  the  value  as- 
sumed when  laying  out  the  railway,  and  must  not  be  more  than 
20%  more  than  the  resistance  of  the  same  length  of  track  if  the 
rails  were  without  joints  and  of  the  same  cross  section  and  the 
same  specific  conductivity.  On  laying  out  a  railway  line  con- 
sisting of  main  and  auxiliary  rails,  the  combined  cross  section 
of  both  rails  can  only  be  taken  into  account  when  determining 
theresistanceof  the  track,  provided  the  auxiliary  as  well  as  the 
main  rails  are  properly  bonded  and  cross  bonded. 

At  rail  crossings  and  at  switches,  the  rails  must  be  well 
bonded  by  special  bridge  bonds. 

On  single  tracks  as  well  as  on  lines  where  several  tracks  are 
l)dng  side  by  side  the  rails  must  be  efficiently  cross  bonded 
and  these  cross  and  bridge  bonds  must  have  a  conductivity 
at  least  equal  to  a  copper  conductor  of  80  square  millimeters. 

At  all  movable  bridges  or  similar  structures  which  neces- 
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sitate  an  interruption  of  the  rails,  special  insulated  conductors 
have  to  be  provided  which  secure  a  continuous  connection 
between  the  two  rail  ends.  In  such  cases,  the  voltage  drop 
at  average  load  must  not  exceed  5  millivolts  for  each  meter 
distance  between  the  interrupted  rails. 

All  cturent  carrying  conductors  which  are  connected  to  the 
rails,  must  be  insulated  from  earth,  excepting  short  connec- 
tions such  as  bonds,  cross-bonds  and  bridge-bonds  at  switches 
and  turntables.  If  such  bonds  are  laid  not  deeper  than  25 
centimeters  into  the  earth,  they  may  be  bare  conductors. 

Explanation. 

The  first  condition  for  the  reduction  of  stray  currents  and 
for  the  effectiveness  of  all  the  proposed  precautionary  meas- 
ures, is  the  good  conductivity  of  the  tracks  and  the  maintenance 
of  this  conductivity.  High  resistances  of  the  single  sections 
cause  an  increase  of  the  current  passing  into  the  ground.  The 
maintenance  of  the  good  conductivity  of  the  rails  also  is  to  th** 
economic  interest  of  the  railroad,  because  a  bad  conductivity 
will,  under  certain  circumstances,  cause  loss  of  energy. 

It  is  not  desirable  to  issue  rules  concerning  the  cross-sections 
of  rails  or  for  the  conductivity  of  the  steel  because  the  cross- 
section  and  the  chemical  composition  of  the  steel  are  both 
determined  by  mechanical  considerations;  the  conductivity  is 
dependent  on  the  composition  of  the  steel,  while  the  conductance 
of  the  rail  depends  on  both  the  conductivity  and  the  profile. 

The  resistance  of  a  rail  network  is  widely  influenced  by  the 
quality  of  the  electrical  connections  of  the  rails  at  their  joints. 

The  rules  do  not  recommend  one  or  another  system  of  con- 
nections at  the  joints,  but  give  data  covering  the  permissible 
increase  of  the  resistance  by  such  connections. 

In  consideration  of  the  varying  resistance  of  rails  of  dif- 
ferent profile,  it  is  not  possible  to  establish  a  uniform  per- 
missible resistance  for  a  bond,  but  the  permissible  increase  of 
the  total  resistance  of  a  section  by  all  the  bonds  is  given. 
This  increase  must  not  be  over  20%.  Inside  of  these  limits 
the  designing  engineer  may  assume  any  increase  of  the  re- 
sistance by  the  bond,  but  it  must  be  considered  that  the  increase 
assumed  must  be  permanently  maintained  later  on  (Compare 
Sections  6  and  3). 

It  will  be  well  to  assume  during  the  design  of  the  plant, 
the  increase  of  resistance  of  the  bonds  as  very  near  the  per- 
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missible  limit.  This  is  very  important  when  shorter  rails  are 
to  be  used,  with  the  consequent  greater  number  of  joints,  the 
maintenance  of  which  is  correspondingly  more  difficult  and, 
therefore,  an  increase  of  resistance  through  deficient  bonds  to 
be  expected.  The  conductivity  of  rails  is  to  be  ascertained 
on  a  ntmiber  of  samples  before  the  rails  are  laid,  so  as  to  have 
a  guarantee  that  the  calculated  resistance  will  correspond  to 
the  resistance  of  the  finished  network. 

The  measurement  of  the  resistance  is  made  by  measuring 
the  current  and  the  potential  on  a  rail  as  long  as  possible  and 
insulated  from  its  supports;  the  potential  terminals  should 
include  a  part  of  the  circuit  between  the  ciurent  contacts  and 
they  should  be  at  least  of  0.5  meter  distant  from  these  current 
contacts.  A  simple  calculation  gives  the  conductivity  of  the 
rail  by  using  the  value  shown  by  ammeter  and  voltmeter. 
The  conductivity  of  the  rails  now  in  use  is  generally  foiuid  to 
be  between  4  and  5.5  Siemens. 

In  cases  where  main  and  auxiliary  rails  are  to  be  used  and 
where  the  combined  cross-section  of  both  is  taken  into  cal- 
ctdation,  the  conductivity  of  the  auxiliary  rail  also  is  to  be 
measured  as  the  same  may  differ  considerably  from  the  con- 
ductivity of  the  main  rail. 

At  crossings  and  switches  a  loosening  of  the  rail  connections 
will  take  place  caused  by  the  vibrations  brought  about  by  the 
passage  of  the  rolling  stock,  for  which  reason  such  places  are 
to  be  bridged  specially  by  electrical  conductors.  The  cross 
connections  serve  the  purpose  of  eliminating  differences  of 
potentials  between  tracks  running  side  by  side  and  also  to 
insure  a  good  metallic  connection  between  the  rails  on  one  side 
of  a  track  in  the  case  of  a  temporary  low  conductivity  of  single 
joints  or  interruptions. 

It  seems  advisable  in  consideration  of  the  different  length  of 
rails,  not  to  give  an  absolute  distance  between  the  cross-con- 
nections, but  to  establish  their  number  by  the  number  of  joints. 
The  bonds  and  cross-connections  may  be  of  any  material  as 
long  as  their  conductivity  reaches  at  least  that  of  a  copper 
connector  of  80  square  mm.  For  the  connection  of  interrupted 
tracks,  as  for  instance  at  movable  bridges,  insulated  cables  are 
required  because  of  the  presence  of  water  or  other  substances 
in  the  soil,  which  highly  favor  the  passage  of  currents  into 
the  ground.  The  highest  permissible  drop  in  potential  at 
average  load  has  been  fixed  at  5  millivolts  per  meter  distance 
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between  the  places  of  interruption,  to  insure  a  small  difference 
of  potential  between  these  points. 

Fiu-thermore  care  is  to  be  taken  that  the  tracks  in  a  movable 
bridge  are  in  good  contact  with  the  tracks  on  both  sides  of  it. 
The  following  is  an  example  of  the  calculation  of  a  cable  bridg- 
ing across  the  gap. 

When  the  distance  between  the  tracks  at  the  point  of  inter- 
ruption equals  30  meters,  the  permissible  difference  of  potential 
therefore  is  5  X  30  which  equals  160  millivolts.  The  current 
to  be  carried  across  is  assumed  to  be  120  amperes  and  the 
length  of  cable  30  meters.  Assuming  a  specific  resistance  of 
17.5  milliohms  per  meter  and  square  millimeter,  the  resulting 
cross-section  is: 

17.5  X  L  I          17.5  X  30  X  120         .^^ 
q  = r-  =  J50 420sq.mm. 

Inasmuch  as  the  increase  of  the  surface  contact  between 
the  .conductors  and  ground  results  in  an  increase  of  the  cur- 
rent passing  from  the  conductors  into  the  ground,  the  con- 
ductors connected  to  the  rails,  especially  those  lying  deep 
enough  to  come  into  contact  with  the  moisture  of  the  ground, 
are  to  be  insulated  conductors.  Only  short  connections  such 
as  jumpers  on  crossings  and  switches,  are  exempt  from  this 
rule  on  account  of  the  same  not  lying  deeper  than  25  cm. 
under  the  surface,  which  means  that  they  hardly  come  into 
contact  with  the  moisture  of  the  ground.  The  increase  of 
surface  of  the  contacts  with  the  ground  by  these  conductors, 
is  too  small  in  proportion  to  the  total  surface  of  the  rail  net- 
work to  cause  any  apprehension  regarding  the  currents  passing 
into  the  ground. 

Section  3.     Rail  Potential. 

A  railway  network  is  divided  into  two  sections,  first,  the 
open  road  connecting  the  various  townships,  and  second,  the 
urban  network. 

In  the  urban  network  and  for  a  distance  of  2  km.  beyond, 
the  voltage  drop  between  any  two  rail  points  should  never 
exceed  2.5  volts  when  the  line  is  working  under  normal  con- 
ditions, and  the  drop  in  the  rails  for  each  kilometer  of  open  road 
shotdd  not  exceed  1  volt.  Occasional  night  cars  are  not  to  be 
considered  in  determining  the  average  load. 

In  townships  through  which  only  a  single  line  is  run,  without 
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local  rail  network,  the  total  voltage  drop  in  the  rails  must  not 
exceed  2.5  volts  from  end  to  end  of  the  township's  pipe  network- 
Any  apparatus  which  is  supplied  with  current  and  which  is 
connected  to  the  railway  network  must  not  increase  the  volt- 
age drop  above  the  stated  limits. 

If  various  railway  systems  are  connected  together  either 
through  the  medium  of  the  rails  or  through  the  power  station, 
each  system  must  fulfill  the  above  conditions.  A  rail  system 
in  a  township  with  an  independent  pipe  network  has  to  comply 
with  the  above. regulations  also. 

Exceptions  from  these  rules  in  regaid  to  the  voltage  drop  in 
a  railway  network  are  admissible  if  local  conditions  and  service 
necessitate  and  justify  such  exceptions.  If,  for  instance,  the 
service — as  is  the  case  in  freight  yards — covers  only  a  small 
portion  of  the  day,  the  above  limits  of  rail  drops  may  be  ex- 
ceeded. In  yards  with  a  service  up  to  3  hours  daily,  double 
the  above  values  are  permitted,  and  with  a  service  up  to  one 
hour,  four  times  the  above  values  are  allowed. 

Explanation. 

As  mentioned  in  Section  1,  the  rail  network  is  to  be  con- 
sidered as  insulated  from  the  ground,  so  that  the  earth  as  a 
shunt  is  not  considered. 

The  resistances  of  the  single  sections  are  to  be  calculated 
from  the  resistance  of  the  rails  under  observance  of  the  rules 
in  Sections  1  and  2. 

For  the  calculation  of  the  potentials  the  value  of  the  average 
current  is  to  be  used,  as  the  magnitude  of  electrolytic  decom- 
position of  the  pipe  metal  depends  on  the  quantity  of  current, 
that  is  to  say,  the  product  of  current  and  time.  The  highest 
values  have  not  to  be  considered  for  the  calculations.  To  find 
the  consumption  of  current  the  average  service  as  per  schedule 
has  to  serve  as  the  base. 

The  average  current  consumed  on  single  sections  can  be 
calculated  from  the  number  of  car  km.  or  ton  km.  to  be  covered, 
by  using  the  value  for  the  consumption  of  current  which,  ac- 
cording to  experience,  and  in  consideration  of  the  local  con- 
ditions, is  used  for  one  car  km.,  or  ton  km. 

But  it  is  also  permissible  to  distribute  the  consumption  of 
current  over  the  whole  net  in  a  way  corresponding  to  the  loca- 
tions of  the  single  trains  at  the  time  of  the  average  load  and  to 
calculate  for  each  train  the  consumption  of  current  taking  into 
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consideration  the  weight  of  the  cars,  the  speed  and  operating 
conditions  (grades,  stops). 

I"n  regard  to  the  schedule,  the  difference  between  summer 
and  winter  service  is  to  be  considered.  The  increase  at  regular 
intervals,  as  for  instance  on  Sundays,  is  to  be  taken  into  ac- 
count. Small  deviations  from  the  schedule,  as  for  instance, 
single  night  cars,  or  auxiliary  cars,  shall  not  be  considered, 
because  the  first  would  reduce  the  average  value  out  of  pro- 
portion, and  the  frequency  of  the  second  cannot  be  estimated 
at  the  time  of  the  calculations  and  otherwise  are  not  of  any 
appreciable  influence  on  the  final  results. 

It  is  impossible  to  get  regulations  embracing  all  conditions 
and  possibilities  and  it  is  therefore  necessary  to  consider  all 
peculiarities  of  a  plant  during  its  projection.  If  there  are  any 
additional  places  connected  to  the  rails,  where  current  is  used 
for  stationary  motors,  station  lighting,  etc.,  these  are  to  be  con- 
sidered. 

After  the  drops  in  potential  on  the  central  sections  have 
been  tabulated,  based  on  the  above  calculations,  the  distribu- 
tion of  the  potential  in  the  rail  network  can  be  found.  In 
addition  to  the  foregoing  data  for  the  calculation  of  the  drop 
in  potential  on  the  single  sections,  consideration  is  to  be  given 
to  the  proposed  retiu^n  cables  and,  in  case  of  a  three  wire  system, 
to  the  direction  of  the  current  in  the  districts  of  different  polarity. 

Difference  in  potential  between  any  two  points  of  the  rail 
network  must  answer  the  following  conditions: 

Around  every  individual  pipe  network  (meaning  a  network 
not  in  metallic  contact  with  any  other  network)  and  also 
around  single  pipes,  a  zone  of  two  hundred  m.  is  to  be  circum- 
scribed and  all  tracks  lying  outside  of  this  zone  are  not  to  be 
considered  in  connection  with  these  regulations,  as  per  last  part 
of  Section  1. 

For  each  of  the  rail  branches  lying  inside  of  these  individual 
pipe  networks,  the  following  niles  apply: 

If  there  are  any  branches  of  the  railroad  inside  of  a  pipe  net- 
work, including  the  200  m. -zones,  a  belt  2  km.  wide  is  to  be 
laid  around  the  inner  rail  network.  Inside  this  belt  the  po- 
tential of  the  rails  between  any  different  points  must  nowhere 
exceed  2.5  v.,  as  long  as  no  portion  of  the  rails  is  more  than 
200  m.  distant  from  the  nearest  pipe  along  its  total  length 
(Compare  Fig.  7.). 

On  the  sections  outside  the  2.5  v.  districts,    the    drop    in 
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potential  must  not  exceed  1  v.  per  km.  This  applies  to  out- 
lying sections  which  are  shown  in  Fig.  7  by  heavy  dotted 
lines. 

In  the  case  of  a  railroad  with  no  branches  (country  roads) 
and  a  pipe  network,  the  drop  in  potential  inside  the  pipe  net 
work  must  not  exceed  2.5  v.  (Compare  Fig.  8).  The  rule 
establishing  a  drop  of  1  v.   per  km.  states  that  the  current  in 

the  track  must  not  exceed  -™,  if    W  is   the   resistance   of    the 

track  in  ohms  per  km.  For  a  uniform  load  of  a  section  of  L 
km.  length  and  a  uniform  resistance,  the  permissible  drop  in 

potential  =  o"  ^-  *-^-  o"  ^**^P  ^^  ^^®  ^^^-     "^^^  calculation  of 

this  drop  also  is  based  on  the  average  load,  according  to  the 
schedule. 

Strict  rules  have  been  issued  for  the  interior  rail  network 
with  its  many  branches,  as  it  mostly  covers  the  same  area  as 
the  pipe  network.  This  has  been  done  in  consideration  of 
the  greater  surface  of  contact  between  ground  and  rails  and 
pipes  respectively  which  increases  the  probability  of  a  passage 
of  current  through  the  ground.  The  potential  of  2.5  volts 
for  this  district  has  been  judged  permissible  because,  according 
to  the  results  of  previous  investigations,  it  is  to  be  assumed 
that  this  potential  wiU  not  under  ordinary  conditions  cause 
any  danger  to  pipe  lines  beyond  the  practical  limits.  To  avoid 
as  much  as  possible  any  greater  concentrations  of  ground  and 
pipe  currents  at  the  outlying  sections  which  immediately  join 
the  inner  rail  network,  and  where  important  parts  of  the  pipe 
network  often  extend,  strict  rules  have  been  issued  covering 
the  district  inside  the  2  km.  belt  around  the  inner  rail  network. 

For  the  outlying  section  an  economical  advantage  has  been 
contemplated  by  limiting  the  drop  in  potential  to  1  v.  per  km. 
Railroads  interconnected  by  their  rail  networks  or  by  a  common 
power  plant  are  to  be  considered  as  one  system  because  such 
railroads  influence  each  other,  inasmuch  as  equalizing  currents 
will  flow  between  their  rail  networks. 

Deviations  in  both  directions  from  these  potentials  can  be 
justified  by  certain  circumstances — in  case  of  especially  good 
conditions  of  the  ground,  that  is  to  say,  in  very  dry  dirt  an 
increase  of  the  potentials  may  be  permissible.  But  even  in 
such  cases  it  is  advisable  to  be  cautious  in  allowing  such  an 
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District  of  interior  pipe  -  network. 

District  of  200  m.  around  pipes  ivith  no  branches. 

Railroads  in  the  Z.5  v' District 

Railroads  in  the  IV-Kni  District. 

Railroads  with  no  Restrictions. 

Figure  7 


frmnm 


District  of  the  pipe- network  with  the  200  m.  belt 

surrounding  It  and  the  pipes  with  no  branches. 

District  of  the  interior  Rail-network  with  the  2¥^m 

belt  surrounding  it 

Railroads  in  the  2*5  V.  District  (shaded  by  both 

horizontal  and  vertical  lines). 

Railroads  in  the  IV-Knrj.  District  (shaded  by 

horizontal  lines). 

Railroads  with  no  restrictions  (not  shaded,  or  by 

vertical  lines  only). 

Figure  8 
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increase,  so  as  not  to  violate  the  rules  as  ^ven  in  paragraph  5. 
Where  the  conditions  are  unfavorable,  for  instance,  where 
moist  ground  of  especially  high  conductivity  prevails,  it  is 
advisable  to  remain  below  the  limits.  For  railroads  with  brief 
daily  operation  concessions  have  been  made  because  damage 
to  the  pipes  depends  upon  the  duration  of  the  influence  of  the 
current  so  that,  considering  the  short  time  of  operation,  even 
greater  cturents  cannot  cause  any  appreciable  damage  to  the 
pipes. 

For  railroads  of  three  hours  daily  operation  double  drop  in 
potential  is  allowed,  while  for  railroads  of  one  hgur  operation,  four 
times  the  drop  is  permissible.  Wherever  the  rail  network  is  not 
sufficient  to  carry  the  current  without  exceeding  the  per- 
missible potential  in  the  network,  the  whole  plan  for  the  return 
of  the  current  must  be  altered,  and  improvement  will  be  reached 
by  providing  return  cables  in  which,  if  necessary,  resistances 
or  boosters  may  be  inserted.  The  resistances  should  be 
variable  so  as  to  correspond  with  the  variable  conditions  of 
service  and  operation.  In  cases  where  the  railroad  system 
is  fed  from  several  power  plants  a  reduction  of  the  drop  in 
potential  in  the  rails  may  be  brought  about  by  shifting  the 
loads  of  the  several  power  plants. 

The  arrangement  of  the  cables  and  resistances  can  be  made 
in  so  many  different  ways  as  to  make  a  general  rule  for  all 
cases  impossible.  It  is  recommended  to  investigate  thoroughly 
the  cases  under  observation,  because  considerable  saving  in  the 
construction  and  operation  of  the  plant  may  be  achieved  by  a 
careful  layout. 

The  keeping  of  the  return  points  at  the  same  potential  is 
recommended  as  a  precautionary  measure  but  not  required. 
The  same  offers  a  certain  guarantee  of  the  possibility  to  keep 
the  difference  of  potential  within  the  2.5  V.  limits. 

Furthermore,  the  use  of  the  3  wire-system  with  the  rails  as 
a  neutral  conductor  is  worthy  of  consideration.  In  this  sys- 
tem the  difference  of  potential  in  the  rails  depends  on  the  dis- 
tribution of  the  positive  and  negative  feeder  districts.  This 
distribution  again  depends  on  the  local  conditions  of  the  plant, 
so  that  no  general  rules  can  be  given  in  regard  to  it. 

Alterations  of  the  conditions  of  operation  can  be  counter- 
acted by  switching  the  load  to  the  positive  or  negative  side 
of  the  system.  The  rules  do  not  recommend  any  certain  sys- 
tem, but  leave  it  entirely  to  the  projecting  engineer  to  select 
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the  one  best  adapted  to  existing  conditions.  The  damage  to 
pipes  takes  place  mostly  at  points  of  low  potential  on  two- 
wire  railroads,  in  the  neighborhood  of  the  return  points;  and 
on  three-wire  railroads,  in  the  districts  of  negative  feeders,  be- 
cause it  is  mainly  here  that  the  current  leaves  the  pipes. 
It  is  advisable  to  place  the  return  points  of  the  negative  feeder 
districts  whenever  possible  in  locations  with  dry  ground  of 
low  conductivity  and  £is  far  as  possible  from  such  pipe  lines  as 
are  of  importance  for  the  water  and  gas  supply. 

The  permissible  limits  of  differences  in  potential  in  rails 
must  not  exceed,  either  according  to  calculations,  or  at  the 
practical  trial,  the  limits  given  in  Section  1  of  these  rules. 
The  measurement  of  the  difference  in  potential  is  made  by  means 
of  test  wires  as  called  for  in  Section  6.  The  measurements 
of  differences  in  potential  are  limited  to  those  points  which, 
according  to  the  calculations,  come  nearest  to  the  established 
limits.  Wherever  long  lines,  as,  for  instance,  telephone  wires, 
are  available,  it  is  advisable  to  use  them  for  these  measure- 
ments, otherwise  several  test  wires  may  be  connected  in  series 
or  temporary  test  lines  may  be  installed:  finally,  the  results 
of  single  measurements  may  be  computed  to  reach  the  same 
final  results.  Only  high  resistance  voltmeters  should  be  used 
for  these  measurements  so  as  to  make  the  resistances  of  the 
test  wire  and  contacts  negligible.  The  pointers  of  these  in- 
struments should  have  the  slowest  movements  and  a  good 
damper  arrangement,  so  as  to  give  good  readings  even  under 
strong  fluctuations.  For  all  measurements  only  average  values 
are  considered.  All  measurements  are  to  be  extended  over  a 
full  period  of  operation  which  results  from  the  average  frequency 
of  trains. 

Section  4.     Resistance  between  Rail  and  Earth. 

The  resistance  between  ground  and  the  rail  which  is  used 
for  carrying  the  return  current  should  be  kept  as  high  as  pos- 
sible. When  the  conditions  of  the  ground  or  the  situation  of 
the  track  are  not  favorable  for  this  purpose,  the  resistance 
should  be  increased  by  a  special  effective  insulation. 

The  rails  or  any  conductor  connected  to  the  rails  must  not 
be  in  contact  with  the  pipes  or  any  kind  of  metal  buried  in 
the  ground.  Furthermore,  care  must  be  taken  that  the  dis- 
tance between  the  nearest  rail  and  any  metallic  part  of  the 
pipe  lines  or  connections  to  them  which  project  above  the  groun4 
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or  lie  near  the  surface,  be  kept  as  great  as  possible,  and  should 
never  be  less  than  one  meter. 

Stationary  motors,  lighting  installations  or  any  other  plant 
which  receives  current  from  a  railway  system  which  uses  the 
rails  for  carrying  the  return  current,  must  be  connected  to  the 
rail  network  by  means  of  insulated  conductors.  Excepted  are 
short  connections  of  not  more  than  16  square  millimeters  which 
are  not  deeper  than  26  centimeters  in  the  grotmd  and  which 
are  at  a  distance  of  at  least  1  meter  from  any  part  of  a  pipe 
network.  These  connections  may  be  of  bare  metal.  In  order 
to  increase  the  resistance  between  rail  and  ground  it  is  recom- 
mended to  use  a  bedding  of  high  resistance  and  to  provide 
good  drainage,  also  to  render  the  bedding  water-tight  to  the 
roadbed  for  a  sufficient  width  on  both  sides  of  the  rail. 

The  use  of  salt  for  the  melting  of  snow  and  ice,  should  be 
limited  to  cases  of  absolute  necessity. 

Wherever  sufficient  distance  between  the  rail  and  such  parts 
of  the  pipe  line  as  project  above  the  surface  is  not  obtainable, 
it  is  advisable  to  change  the  pipe  run,  or  where  this  is  not  pos- 
sible, to  use  insulating  strata  (such  as  vitrified  day,  masonry 
or  wooden  conduits,  etc.). 

Explanation. 

The  magnitude  of  currents  passing  into  the  ground  depends 
not  only  on  the  potentials  in  the  rail  network,  but  also  on  the 
resistances  between  the  rails  and  the  pipes  and  on  the  resist- 
ances of  the  pipe  lines  themselves.  It  will  always  be  of  advan- 
tage to  increase  the  resistance  of  the  groxmd  between  the  rails 
and  the  pipes.  An  artificial  increase  of  the  resistances  of  the 
pipe  line  can  be  achieved  for  instance,  by  the  use  of  insulating 
flanges,  couplings,  etc.  Aside  from  the  technical  difficulties  of 
installing  such  insulating  parts  into  gas  pipes,  and  especially 
water  pipes  with  a  high  pressure,  and  of  insuring  their  lasting 
tightness,  it  would  be  difficult  to  provide  these  insulating 
pieces  in  the  necessary  numbers  and  to  take  care  of  their  correct 
distribution.  A  wrong  arrangement  of  the  same  will  lead  to  an 
extraordinary  concentration  of  currents  at  these  insulations 
with  consequent  corrosion  in  these  places.  A  greater  part  of 
the  drop  in  potential  between  pipe  and  rail  originally  takes 
place  in  the  roadbed  as  can  be  easily  understood  and  it  is  there- 
fore required  to  render  this  resistance  as  high  as  possible  by 


Digitized  by 


Google 


EUROPEAN   PRACTICE  1775 

the  good  insulation  of  the  roadbed,  good  drainage,  etc.,  and  to 
maintain  it  thus. 

In  the  same  measure  that  the  increase  of  the  resistances 
between  rail  and  pipe  is  recommended,  the  use  of  any  means 
to  reduce  these  resistances,  is  to  be  warned  against.  Such 
means  to  be  considered  are  ground  plates,  connections  of  metals 
in  the  ground,  and  especially  metallic  connections  between  the 
rails  and  the  pipes.  The  last  will  reduce  the  density  of  the 
current  at  the  point  of  connection  to  the  pipe,  but  they  cause 
an  increase  of  the  pipe  current  and  of  the  ground  currents  in 
general  which  may  cause  damage  in  other  places,  as,  for  in- 
stance, at  interruptions  in  the  pipe  line  or  at  crossings  with 
other  lines.  Any  local  measure  taken  must  be  considered  with 
regard  to  its  effect  on  the  pipes  in  other  localities. 

Metallic  connections  between  different  pipe  networks  also 
are  to  be  judged  from  this  viewpoint.  Immediate  contact  of 
any  parts  of  the  pipe  lines  with  the  rails,  or  too  close  an  ap- 
proach, has  the  same  effect  as  direct  metallic  connections  and 
is,  therefore,  to  be  avoided.  (By  a  re-location  of  rails  or  pipes 
or  installation  of  insulating  strata). 

Especially  in  cases  of  stationary  motors  or  lighting  plants 
connected  to  the  railroad  system,  there  exists  on  the  premises 
danger  of  an  accidental  or  deliberate  connection  or  contact 
with  the  pipe  lines.  It  is,  therefore,  necessary  to  have  strict 
rules  regarding  the  return  cables  from  such  plants. 

Section  5.     Current  Density. 

The  above  rules  are  intended  to  prevent  the  destruction  of 
the  pipes  by  electrolysis.  The  rate  of  destruction  is  in  direct 
proportion  to  the  amount  of  current  leaving  the  pipe. 

Any  pipe  line  where  the  current  leaving  the  pipe  exceeds  an 
average  density  of  0.75  milliampere  per  square  decimeter  and 
where  this  current  is  due  to  a  railway,  may  be  considered  en- 
dangered by  this  railway,  and  further  preventive  measures 
must  be  taken. 

For  railways  with  freight  service  when  the  service  is  of  com- 
paratively short  duration,  exceptions  as  already  mentioned  are 
permissible. 

In  cases  where  the  current  leaving  or  passing  into  the  pipes 
changes  its  direction,  the  current  passing  into  the  pipe  must 
be  taken  as  nil  when  determining  the  average  density,  until 
further  experience  has  been  gained  in  this  matter. 

Digitized  by  LjOOQ IC 


1776  EUROPEAN   PRACTICE 

Explanation. 

Inasmuch  as  a  total  elimination  of  all  damages  to  pipes  would 
be  in  most  cases  possible  only  at  a  disproportionately  high 
cost,  which  would  far  exceed  the  cost  of  any  possible  damage  to 
the  pipes,  it  is  necessary  to  allow  a  certain  limited  damage, 
that  is  to  say,  a  damage  which  is  of  little  practical  importance 
and  which  does  not  noticeably  shorten  the  life  of  the  pipes. 
These  rules  have  therefore  been  compiled  on  the  basis  of  the 
average  conditions,  that  is  to  say,  such  as  are  mostly  met  with, 
and  it  is  to  be  expected  according  to  previous  experience  "that 
the  damage  done  to  pipe  lines  by  the  stray  currents  from  elec- 
trical railways,  generally  will  remain  limited  to  the  practical 
allowable  limit  wherever  these  rules  are  observed.  Under 
exceptionally  bad  conditions,  that  is  to  say,  under  conditions 
which  very  much  favor  the  origin  of  stray  currents,  greater 
corrosion  of  pipes  in  certain  places  can  hardly  be  avoided, 
even  if  the  limits  of  the  drop  in  the  potential  in  the  rails,  as 
laid  down  in  Section  3,  are  not  exceeded.  It  is,  therefore, 
advisable  to  establish  some  measure  for  the  elimination  of 
immediate  danger  to  the  pipes. 

For  the  judgment  of  the  damage  attributed  to  a  railroad 
system  the  density  of  the  current  leaving  the  pipes  and  retiirn- 
ing  to  the  railroad  system  is  indicative. 

The  density  of  the  current  at  the  pipe  can  be  measured  only 
after  the  completion  of  the  plant.  These  measurements  must 
be  made  during  the  time  of  operation,  as  per  schedule,  and  as 
described  in  Section  3.  The  average  density  is  important 
and  is  obtained  from  the  computation  of  the  results  of  several 
measurements,  each  of  which  follows  a  whole  period  of  service. 

Measurements  of  current  density  can  be  made,  for  instance, 
by  means  of  a  milliammeter  and  non-polarizable  frame  as  de- 
signed by  Prof.  Haber.  This  frame  contains  two  copper  plates 
which  are  insulated  from  each  other  and  which  foi  the  pre- 
vention of  polarization  are  covered  with  a  paste  of  copper 
sulphate  and  20%  sidphuric  acid,  over  which  a  parchment j  soaked 
with  sodium  sulphate  is  laid.  The  frame  is  filled  with  dirt 
except  between  the  plates,  and  placed  alongside  the  pipe  at 
right  angles  to  the  assumed  direction  of  the  ciurent  and  then 
covered  with  dirt.  A  very  sensitive  ammeter  connected  to 
the  copper  plates  will  indicate  the  current  passing  through 
the  frame  and  the  density  of  this  current  can  readily  be  cal- 
culated by  taking  into  account  the  surface  of  the  copper  plates 
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inside  the  frame.  Inasmuch  as  here  also  only  average  readings 
are  to  be  considered,  it  is  advisable  to  use  an  instrument  with 
very  slow  period. 

According  to  investigations  made  so  far,  absolute  danger  to 
the  pipes  results  whenever  the  density  of  the  currents  leaving 
the  pipes  reaches  the  average  value  of  0.75  milliampere  per 
square  dcm.  For  railroads  with  small  periods  of  operation 
an  excess  up  to  double  and  quadruple,  respectively,  the  above 
value  is  permissible  according  to  the  rules  laid  down  in  Sec- 
tion 3. 

Wherever  the  direction  of  the  current  changes,  the  currents 
entering  the  pipes  are  not  to  be  considered  in  the  calculations 
of  the  average  density,  inasmuch  as  it  is  not  as  yet  established 
that  such  currents  will  add  to  the  metal  of  the  pipes.  Wherever 
the  average  values  are  exceeded,  especial  precautionary  meas- 
ures are  to  be  taken,  the  nature  of  which  can  be  determined 
only  by  the  local  conditions.  In  many  cases  it  is  sufficient  to 
protect  a  very  limited  section  of  the  rail  network,  to  which 
end  the  further  reduction  of  the  drop  in  the  rails  may  not  be 
necessary,  but  which  may  be  attained  by  other  means  as,  for 
instance,  the  re-location  of  short  sections  of  tracks  or  pipes, 
or  the  artificial  increase  -of  the  resistances  between  rails  and 
pipes  at  such  points. 

In  all  cases  the  question  arises  whether  the  railroad  is  to  be  con- 
sidered astheonly  cause  of  current  concentration,  as  other  causes 
may  be  found  to  be  responsible  for  a  part  of  the  current  on  the 
pipes;  for  instance,  bare  neutrals  or  poor  insulation  in  other 
electrical  systems,  the  natural  electrical  elements  resulting 
from  the  use  of  different  metals  in  the  pipe  lines,  or  from  dif- 
ferent chemicals  in  solution  in  the  ground.  That  part  of  the 
current  which  is  attributable  to  the  influence  of  the  railroad 
can  be  determined  by  comparison  with  the  measurements  of  the 
current  dtuing  the  period  of  no  operation.  In  many  cases  the 
influence  of  the  railroad  can  be  judged  from  contemporaneous 
measurements  of  current  density  and  the  potential  between 
pipe  and  rail.  Under  certain  circimistances  it  is  possible  to 
find  the  degree  of  influence  of  the  railroad  and  of  other  electrical 
plants  operating  at  the  same  time,  by  establishing  the  course 
of  the  current  in  the  ground.  For  this  investigation  elec- 
trodes that  cannot  be  polarized  are  used  as  contacts  from  the 
test  line  to  the  ground.  The  measurements  should  preferably 
be  made  by  the  potentiometer  method  in  order  to  eliminate^  ^ 
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drop  at  the  electrodes  due  to  the  current  flow,  but  this  method 
is  difficult  in  practice  on  account  of  the  rapid  fluctuations  of 
the  voltage.  It  will  be  sufficient  in  most  cases  to  make  the 
measurements  with  a  voltmeter  of  very  high  resistance  so  that 
the  current  passing  through  the  electrodes  will  be  very  small. 
It  should  be  emphasized  that  such  measurements  should  be  made 
by  experts  only,  as  deviations  from  the  right  method  which 
seem  of  no  importance  often  give  useless  results. 

Section  6.     Control. 

In  order  to  be  able  to  test  the  potential  at  the  return  points 
of  the  rail  system  of  a  given  territory,  pilot  wires  are  to  be 
connected  to  these  points  and  carried  to  a  central  testing  place. 

Before  a  service  may  be  increased  the  potential  distribution 
in  the  rail  network  must  be  retested. 

The  rail  bonds  and  bridge  connections  are  to  be  retested 
once  yearly  by  means  of  a  suitable  rail  joint  tester  and  must  be 
arranged  so  that  they  fulfill  the  rules  of  Sections  1  and  2.  Con- 
nections the  resistance  of  which  has  been  found  greater  than 
that  of  an  uninterrupted  rail  of  10  meters  length  must  here- 
paired  to  comply  with  these  rules. 

Explanation. 

The  control  of  the  drop  in  potential  in  the  whole  network 
would  be  best  assured  by  the  installation  of  test  wires  from 
one  of  the  buses  to  all  points  of  probable  highest  and  lowest 
rail  potential,  which  arrangement  admits  of  immediate  measure- 
ment of  potential  between  these  points. 

In  certain  cases,  especially  in  existing  plants,  the  installation 
of  such  test  wires  would  involve  great  cost.  Such  test  wires 
from  all  of  the  important  rail  points  were  not  required;  but  it 
has  been  ruled  that  all  points  of  the  rail  network,  to  which 
cables  of  the  same  district  are  now  connected,  are  to  be  pro- 
vided with  test  wires  which  have  to  run  to  some  central  point 
where  readings  of  the  differences  of  potentials  between  the 
return  points  can  be  taken. 

Wherever  the  expense  involved  permits,  it  is  recommended 
to  install  test  wires  not  only  to  the  return  points  but  also  to 
the  points  of  highest  rail  potentials. 

After  permanent  changes  in  the  operation,  the  distribution 
of  the  potential  in  the  rail  network  is  to  be  investigated  in  the 
same  way  as  after  the    inauguration   of  the  plants  in   order 
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to  ascertain  whether  the  new  conditions  still  correspond  to 
the  rules. 

In  case  of  temporary  changes  of  short  duration  in  the  whole 
network  or  parts  of  the  same  as,  for  instance,  occasionally 
some  festival,  change  or  repair  of  tracks,  fairs,  exhibits,  etc., 
no  special  measures  are  to  be  taken  because  the  short  duration 
of  the  influence  will  cause  no  noticeable  damage  even  when 
the  limits  of  these  rules  are  exceeded. 

The  yearly  investigation  of  the  rail  joints,  as  required  by  the 
rules,  is  also  to  be  recommended  with  regard  to  the  reduction 
of  losses  of  energy.  For  these  measurements  an  apparatus 
may  be  used  which  allows  of  the  comparison  of  the  drop  in 
potentials  across  the  joint  with  one  of  the  adjoining  uninter- 
rupted rails  so  that  the  measurement  may  be  taken  during  the 
operation.  Joints  of  a  resistance  higher  than  that  of  an  un- 
interrupted rail  of  10  m.  length  are  immediately  to  be  repaired. 
The  total  resistance,  as  found  by  the  measurement  of  the 
single  joints,  must  not  exceed  the  value  which  has  been  as- 
sumed during  the  projection  of  the  plant  (compare  Section  2, 
paragraph  2). 

Should  it  result  during  operation  that  rail  joints  are  of  a 
higher  resistance  than  that  assimied  in  the  designing  it  is 
permissible  to  abstain  from  a  re-construction  of  the  joints 
as  long  as  the  permissible  difference  of  potentials  in  the  rails 
is  not  exceeded,  even  with  these  higher  resistances.  The 
established  limits  of  20%  increase  of  the  resistance  of  the 
uninterrupted  rail  by  the  bonds  must  not  be  exceeded  in  any 
case. 

79.  France — Regulations    by    Minister    of    Public    Works 

Circular  and  order  of  the  Minister  of  Public  Works  (France) 
of  March  21,  1911,  establishing  the  technical  conditions  which 
electrical  distribution  systems  must  satisfy  in  order  to  conform 
to  the  law  of  June  15,  1906.    (Pages  25-27) 

Section  III.     Regulations  Relative  to  the  Construction 
OF  Structures  for  Electric  Railways  using  Direct 

Current.^ 

distribution  potential  for  railways. 
Art.  27.  The  requirements  of  art.  3,  paragraph  4;  of  art.  5 
paragraph  26;  4  and  6  of  art.  25,  and  of  the  first  two  sections 
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of  paragraph  3  of  art.  31  do  not  refer  to  trolley  wires,  nor  their 
supports,  nor  the  other  lines  placed  upon  these  supports,  nor 
those  not  upon  the  public  highway,  nor  those  inaccessible  to 
the  public,  if  the  potential  between  these  conductors  and  ground 
is  not  greater  than  1000  volts. 

1.  Electric  traction  projects  using  alternating  current  should  be  sub- 
mitted to  the  Minister  of  Public  Works  in  all  cases  where  dismbution  is 
upon  the  public  highway. 

RIGHT  OF  WAY. 

Art.  28.  When  the  rails  are  used  as  conductors,  all  necessary 
measures  should  be  taken  to  guard  against  the  harmful  action 
of  stray  currents,  on  metallic  structures,  such  as  the  tracks 
of  railways,  the  water  and  gas  pipes,  the  telegraph  or  tele- 
phone lines  and  all  other  electric  conductors,  etc. 

To  this  end  the  following  regulations  shall  be  applied: 

1.  The  conductance  of  the  tracks  shall  be  known  to  be  in 
the  best  possible  condition,  especially  in  regard  to  the  joints, 
whose  resistance  should  not  exceed,  in  each  case,  that  of  10 
meters  of  the  normal  track. 

The  management  is  required  to  verify  periodically  this  con- 
ductance and  to  place  the  residts  obtained  on  file,  which  shall 
be  accessible  to  the  administration  upon  demand. 

2.  The  drop  in  potential  in  the  rails,  measured  upon  a  length 
of  track  of  1  kilometer  taken  arbitrarily  upon  any  section  of 
the  system,  should  not  exceed  an  average  value  of  1  volt  for 
the  operating  period  of  the  normal  car  schedule. 

3.  The  feeders  tied  into  the  track  shall  be  insulated. 

4.  Where  the  tracks  contain  switches  or  crossings,  the  con- 
ductance shall  be  maintained  by  special  work. 

5.  When  the  track  crosses  a  metallic  structure,  it  should 
be  electrically  insulated,  as  much  as  possible,  throughout  the 
length  of  the  structure. 

6.  As  long  as  no  metallic  structure  is  in  the  neighborhood 
of  the  tracks,  a  drop  in  potential  greater  than  that  fixed  in 
paragraph  2  may  be  allowed,  upon  the  condition  that  no  dam- 
age will  result,  and  particularly  no  trouble  to  telegraphic  or 
telephonic  communication,   and  none  to  railway  signals. 

7.  The  owner  of  the  distribution  system  shall  be  required 
to  make  the  installations  necessary  to  enable  the  administra- 
tion to  verify  the  fulfillment  of  the  provisions  of  this  article; 
it  should  particularly  provide,  whenever  necessary,  for   pilot 
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wires  to  be  installed   between  designated   points  of  the  dis- 
tribution system. 

PROTECTION  OF  NEIGHBORING  AERIAL  LINES. 

Art.  29.  At  all  points  where  the  lines  feeding  the  traction 
system  cross  other  distribution  lines,  or  telegraph  or  telephone 
lines,  the  supports  should  be  established  with  a  view  to  protect 
mechanically  these  lines  against  contact  with  the  aerial  con- 
ductors feeding  the  traction  system. 

In  all  cases,  measures  shall  be  taken  to  prevent  the  trolley 
wire  touching  the  neighboring  lines. 

80.  England. — ^British  Board  of  Trade  Regulations.  Regu- 
lations made  by  the  Board  of  Trade  under  the  provisions  of  Special 
Tramways  Acts  or  Light  Railway  Orders  authorizing  *' lines''  on 
public  roads ;  for  regulating  the  use  of  electrical  power ;  for  prevent- 
ing fusion  or  injurious  electrolytic  action  of  or  on  gas  or  water 
pipes  or  other  metallic  pipes,  structures  or  substances:  and  for 
minimising  as  far  as  is  reasonably  practicable  injurious  inter- 
ference with  the  electric  wires,  lines,  and  apparatus  of  parties 
other  than  the  Company,  and  the  currents  therein,  whether 
such  lines  do  or  do  not  use  the  earth  as  a  return. 

First  made,  March,  1894. 

Revised,  April,  1903. 

Further  revised,   August,   1904. 

Further  revised,  May,  1908. 

Further  revised,   April,    1910. 

Further  revised,  September,  1912. 

Regulations. 

1.  Any  dynamo  used  as  a  generator  shall  be  of  such  pattern 
and  construction  as  to  be  capable  of  producing  a  continuous 
current  without  appreciable  pulsation. 

2.  One  of  the  two  conductors  used  for  transmitting  energy 
from  the  generator  to  the  motors  shall  be  in  every  case  insulated 
from  earth,  and  is  hereinafter  referred  to  as  the  **line";  the 
other  may  be  insulated  throughout,  or  may  be  uninsulated  in 
such  parts  and  to  such,  extent  as  is  provided  in  the  following 
regulations,  and  is  hereinafter  referred  to  as  the  "return.** 

The  Board  of  Trade  will  be  prepared  to  consider  the 
issue  of  regulations  for  the  use  of  alternating  currents  for 
electrical  traction  on  application. 
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3.  Where  any  rails  on  which  cars  run  or  any  conductors 
laid  between  or  within  three  feet  of  such  rails  form  any  part 
of  a  return,  such  part  may  be  uninsulated.  All  other  returns 
or  parts  of  a  return  shall  be  insulated,  unless  of  such  sectional 
area  as  will  reduce  the  difference  of  potential  between  the 
ends  of  the  uninsulated  portion  of  the  return  below  the  limit 
laid  down  in  Regulation  7. 

4.  When  any  uninsulated  conductor  laid  between  or  within 
three  feet  of  the  rails  forms  any  part  of  a  return,  it  shall  be 
electrically  connected  to  the  rails  at  distances  apart  not  ex- 
ceeding 100  feet  by  means  of  copper  strips  having  a  sectional 
area  of  at  least  one-sixteenth  of  a  square  inch,  or  by  other  means 
of  equal  conductivity. 

5.  (a)  When  any  part  of  a  return  is  uninsulated  it  shall  be 
connected  with  the  negative  terminal  of  the  generator,  and  in 
such  case  the  negative  terminal  of  the  generator  shall  also  be 
directly  connected,  through  the  current-indicator  hereinafter 
mentioned,  to  two  separate  earth  connections  which  shall  be 
placed  not  less  than  20  yards  apart. 

(b)  The  earth  connections  referred  to  in  this  regulation 
shall  be  constructed,  laid  and  maintained,  so  as  to  secure 
electrical  contact  with  the  general  mass  of  earth,  and  so  that, 
if  possible,  an  electromotive  force,  not  exceeding  four  volts, 
shall  suffice  to  produce  a  current  of  at  least  two  amperes  from 
one  earth  connection  to  the  other  through  the  earth,  and  a 
test  shall  be  made  once  in  every  month  to  ascertain  whether 
this  requirement  is  .complied  with. 

(c)  Provided  that  in  place  of  such  two  earth  connections 
the  Company  may  make  one  connection  to  a  main  for  water 
supply  of  not  less  than  three  inches  internal  diameter,  with  the 
consent  of  the  owner  thereof  and  of  the  person  supplying  the 
water,  and  provided  that  where,  from  the  nature  of  the  soil 
or  for  other  reasons,  the  Company  can  show  to  the  satisfaction 
of  the  Board  of  Trade  that  the  earth  connections  herein  specified 
cannot  be  constructed  and  maintained  without  undue  expense 
the  provisions  of  this  regulation  shall  not  apply. 

(d)  No  portion  of  either  earth  connection  shall    be    placed 
within  six  feet  of  any  pipe  except  a  main  for  water  supply 
of  not  less  than  three  inches  internal  diameter  which  is  metal 
lically  connected  to  the  earth  connections  with  the  consents 
hereinbefore  specified. 

(e)  When  the  generator  is  at  a  considerable  distance  from 
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the  tramway  the  uninsulated  return  shall  be  connected  to  the 
negative  terminal  of  the  generator  by  means  of  one  or  more 
insulated  retiun  conductors,  and  the  generator  shall  have  no 
other  connection  with  earth;  and  in  such  case  the  end  of  each 
insulated  return  connected  with  the  uninsulated  return  shall 
be  connected  also  through  a  current  indicator  to  two  separate 
earth  connections,  or  with  the  necessary  consents  to  a  main 
for  water  supply,  or  with  the  like  consents  to  both  in  the  man- 
ner prescribed  in  this  regulation. 

(f)  The  current  indicator  may  consist  of  an  indicator  at  the 
generating  station  connected  by  insulated  wires  to  the  term- 
inals of  a  resistance  interposed  between  the  return  and  the 
earth  connection  or  connections,  or  it  may  consist  of  a  suitable 
low-resistance  maximum  demand  indicator.  The  said  re- 
sistance, or  the  resistance  of  the  maximum  demand  indicator, 
shall  be  such  that  the  maximum  current  laid  down  in  Regula- 
tion 6  (I)  shall  produce  a  difference  of  potential  not  exceeding 
one  volt  between  the  terminals.  The  indicator  shall  be  so 
constructed  as  to  indicate  correctly  the  ciurent  passing  through 
the  resistance  when  connected  to  the  terminals  by  the  insulated 
wires  before-mentioned. 

6.  When  the  return  is  partly  or  entirely  uninsulated  the  Com- 
pany shall  in  the  construction  and  maintenance  of  the  tram- 
way (a)  so  separate  the  uninsulated  return  from  the  general 
mass  of  earth,  and  from  any  pipe  in  the  vicinity;  (b)  so  con- 
nect together  the  several  lengths  of  the  rails;  (c)  adopt  such 
means  for  reducing  the  difference  produced  by  the  current  be- 
tween the  potential  of  the  uninsulated  return  at  any  one  point 
and  the  potential  of  the  uninsulated  return  at  any  other  point ; 
and  (d)  so  maintain  the  efficiency  of  the  earth  connections 
specified  in  the  preceding  regulations  as  to  fulfill  the  following 
conditions,  viz. : 

(I)  That  the  current  passing  from  the  earth  connections 
through  the  indicator  to  the  generator  or  through  the 
resistance  to  the  insulated  return  shall  not  at  any  time 
exceed  either  two  amperes  per  mile  of  single  tramway 
line  or  five  per  cent  of  the  total  current  output  of  the 
station. 

(II)  That  if  at  any  time  and  at  any  place  a  test  be  made 
by  connecting  a  galvanometer  or  other  current-indicator 
to  the  uninsulated  return  and  to  any  pipe  in  the  vicinity, 
it  shall  always  be  possible  to  reverse  the  direction  of  any 
current  indicated  by  interposing  a  battery  of  three  L^- 
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clanche  cells  connected  in  series  if  the  direction  of  the 
current  is  from  the  return  to  the  pipe,  or  by  interposing 
one  Leclanche  cell  if  the  direction  of  the  current  is  from 
the  pipe  to  the  return. 

The  owner  of  any  such  pipe  may  require  the  Company  to 
permit  him  at  reasonable  times  and  intervals  to  ascertain  by 
test  that  the  conditions  specified  in  (II)  are  complied  with  as 
regards  his  pipe. 

7.  When  the  return  is  partly  or  entirely  uninsulated  a  con- 
tinuous record  shall  be  kept  by  the  Company  of  the  difference 
of  potential  during  the  working  of  the  tramway  between  points 
on  the  uninsulated  return.  If  at  any  time  such  difference  of 
potential  between  any  two  points  exceeds  the  limit  of  seven 
volts,  the  Company  shall  take  immediate  steps  to  reduce  it 
below  that  limit. 

8.  The  current  density  in  the  rails  shall  not  exceed  nine 
amperes  per  square  inch  of  the  cross  sectional  area. 

9.  Every  electrical  connection  with  any  pipe  shall  be  so 
arranged  as  to  admit  of  easy  examination,  and  shall  be  tested 
by  the  Company  at  least  once  in  every  three  months. 

10.  The  insulation  of  the  line  and  of  the  return  when  in- 
sulated, and  of  all  feeders  and  other  conductors,  shall  be  so 
maintained  that  the  leakage  current  shall  not  exceed  one  hun- 
dredth of  an  ampere  per  mile  of  tramway.  The  leakage  cur- 
rent shall  be  ascertained  not  less  frequently  than  once  in  every 
week  before  or  after  the  hours  of  running  when  the  line  is  fully 
charged.  If  at  any  time  it  should  be  fotmd  that  the  leakage 
current  exceeds  one-half  of  an  ampere  per  mile  of  tnurway 
the  leak  shall  be  localised  and  removed  as  soon  as  practicable, 
and  the  running  of  the  cars  shall  be  stopped  tmless  the  leak 
is  localised  and  removed  within  24  hoiu-s.  Provided  that 
where  both  line  and  return  are  placed  within  a  conduit  this 
regulation  shall  not  apply. 

11.  The  insulation  resistance  of  all  continuously  insulated 
cables  used  for  lines,  for  insidated  returns,  for  feeders,  or  for 
other  purposes,  and  laid  below  the  surface  of  the  ground,  shall 
not  be  permitted  to  fall  below  the  equivalent  of  10  megohms 
for  a  length  of  one  mile.  A  test  of  the  insulation  resistance  of 
all  such  cables  shall  be  made  at  least  once  in  each  month. 

12.  Any  insulated  return  shall  be  placed  parallel  to  and  at 
a  distance  not  exceeding  three  feet  from  the  line  when  the  line 
and  return  are  both  erected  overhead,  or  eighteen  inches  when 
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13.  In  the  disposition,  connections,  and  working- of  feeders, 
the  Company  shall  take  all  reasonable  precautions  to  avoid 
injurious  interference  with  any  existing  wires. 

14.  The  Company  shall  so  construct  and  maintain  their 
system  as  to  secure  good  contact  between  the  motors  and  the 
line  and  return  respectively. 

15.  The  Company^  shall  adopt  the  best  means  available  to 
prevent  the  occurrence  of  undue  sparking  at  the  rubbing  or 
rolling  contacts  in  any  place  and  in  the  construction  and  use 
of  their  generator  and  motors. 

16.  Where  the  line  or  return  or  both  are  laid  in  a  conduit 
■  the  following  conditions  shall  be  compKed  with  in  the  con- 
struction and  maintenance  of  such  conduit: 

(a)  The  conduit  shall  be  so  constructed  as  to  admit  of 
examination  of  and  access  to  the  conductors  contained 
therein  and  their  insulators  and  supports. 

(b)  It  shall  be  so  constructed  as  to  be  readily  cleared 
of  acctmiulation  of  dust  or  other  debris,  and  no  such  ac- 
cumulation shall  be  permitted  to  remain. 

(c)  It  shall  be  laid  to  such  falls  and  so  connected  to 
sumps  or  other  means  of  drainage,  as  to  automatically 
clear  itself  of  water  without  danger  of  the  water  reaching 
the  level  of  the  conductors. 

(d)  If  the  conduit  is  formed  of  metal,  all  separate 
lengths  shall  be  so  jointed  as  to  secure  efficient  metallic 
continuity  for  the  passage  of  electric  currents.  Where 
the  rails  are  used  to  form  any  part  of  the  return  they  shall 
be  electrically  connected  to  the  conduit  by  means  of  copper 
strips  having  a  sectional  area  of  at  least  one-sixteenth  of 
a  square  inch,  or  other  means  of  equal  conductivity,  at 
distances  apart  not  exceeding  100  feet.  Where  the  return 
is  wholly  insulated  and  contained  within  the  conduit,  the 
latter  shall  be  connected  to  earth  at  the  generating  station 
or  sub-station  through  a  high  resistance  galvanometer 
suitable  for  the  indication  of  any  contact  or  partial  contact 
of  either  the  line  or  the  return  with  the  conduit. 

(e)  If  the  conduit  is  formed  of  any  non-metallic  material 
not  being  of  high  insulating  quality  and  impervious  to 
moisture  throughout,  the  conductors  shall  be  carried  on 
insulators  the  supports  for  which  shall  be  in  metallic  con- 
tact with  one  another  throughout. 

(f)  The  negative  conductor  shall  be  connected  with  earth 
at  the  station  by  a  voltmeter  and  may  also  be  connected 
with  earth  at  the  generating  station  or  sub-station  by  an 
adjustable  resistance  and  current-indicator.  Neither  con- 
ductor shall  otherwise  be  permanently  connected  with  earth. 

(g)  The  conductors  shall  be  constructed  in  sections  not 
e^ccieding  one-half  a  mile  in  length,  and  in  the  ^^^^^AqTp 
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leak  occurring  on  either  conductor  that  conductor  shall 
at  once  be  connected  with  the  negative  pole  of  the  dynamo, 
and  shall  remain  so  connected  until  the  leak  can  be  re- 
moved. 

(h)  The  leakage  current  shall  be  ascertained  daily,  be- 
fore or  after  the  hours  of  running,  when  the  line  is  fully 
charged,  and  if  at  any  time  it  shall  be  found  to  exceed 
one  ampere  per  mile  of  tramway  the  leak  shall  be  localised 
and  removed  as  soon  as  practicable,  and  the  running  of 
the  cars  shall  be  stopped  unless  the  leak  is  localised  and 
removed  within  24  hours. 

17.  The  Company  shall,  so  far  as  may  be  applicable  to  their 
system  of  working,  keep  records  as  specified  below.  These 
records  shall,  if  and  when  required,  be  forwarded  for  the  in- 
formation of  the  Board  of  Trade. 

Number  of  cars  running. 

Number  of  miles  of  single  tramway  line. 

Daily  Records. 

Maximum  working  current. 

Maximiun  working  pressure. 

Maximimi  current  from  the  earth  plates  or  water-pipe  con- 
nections(vide  Regulation  6  (I))  where  the  indicator  is  at  the 
generating  works. 

Fall  of  potential  in  return  (vide  Regulation  7). 

Leakage  current   (vide  Regulation   16   (h)). 

Weekly  Records. 

Leakage  current  (vide  Regulation  10). 

Maximum  current  from  the  earth  plates  or  water-pipe  con- 
nections (vide  Regulations  6  (I))  where  a  maximum  demand 
indicator  is  used. 

Monthly  Records. 
Condition  of  earth  connections  (vide  Regulation  6). 
Minimum  insulation  resistance  of  insulated  cables  in  meg- 
ohms per  mile  (vide  Regulation  11). 

Quarterly  Records. 
Conductance  of  connections  to  pipes  (vide  Regulation  9). 

Occasional  Records. 
Specimens  of  tests  made  under  provisions  of  Regulation  6  (IL) 
Board  of  Trade, 
7,  Whitehall  Gardens,  S.  W. 
September,  1912.. 
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81.  Spain— Electric  Legislation.     Law  of  March  23,  1900. 

Article  50.  To  prevent  the  return  current  of  electric  tram- 
way lines  from  exercising  any  electrolytic  effects,  the  following 
measures  shall  be  taken: 

(1)  The  rails  of  each  one  of  the  tracks  are  bonded  by  welding 
or  by  connections  formed  of  short  copper  cables,  or  of  equiva- 
lent cables  made  of  some  other  metal,  the  section  of  which 
having  to  exceed  100  square  millimeters  per  track,  and  shall 
be  made  as  large  as  possible. 

(2)  At  intervals  of  100  meters,  or  at  shorter  distances,  the 
tracks  shall  be  cross-bonded. 

(3)  In  case  the  official  inspector  should  deem  it  necessary, 
a  cable  will  have  to  be  stretched  in  every  line,  which  will  have 
to  be  intimately  connected  with  both  tracks;  and 

(4)  The  dimensions  of  all  cables  and  wires  constituting  such 
system  will  have  to  be  calculated  upon  a  basis  that  the  potential 
difference  between  the  generator  terminals  and  the  point  of 
the  tracks  remotest  from  them  will  not  exceed  an  amount  of 
seven  volts. 

H.     SUMMARY  OF  EUROPEAN  CONDITIONS. 

Conditions  in  Germany,  Italy,  France  and  England  as  Reported 
to  the  Visiting  Committee  by  Various  Authorities  in 
these  Countries. 

82.  Present  Electrolysis  Conditions. 

Germany.  Considerable  damage  was  found  in  many  cities 
prior  to  the  application  of  the  Earth  Current  Commission's 
Regulations;  in  one  case  service  pipe  trouble  occurred  as  often 
as  once  a  month.  Generally,  however,  extensive  damage  was 
not  known  until  it  was  revealed  by  investigation;  thus,  many 
of  the  cities  which  were  surveyed  by  the  Commission,  and 
where  more  or  less  corrosion  was  found,  had  previously  reported 
no  damage. 

In  general,  the  pipe  owning  interests  stated  that  the  situa- 
tion was  such  that  the  work  of  the  Earth  Current  Commission 
was  urgently  needed.  Some  railway  engineers  held  that  a 
considerable  amount  of  corrosion  ascribed  to  stray  railway 
current  was  in  fact  due  to  other  sources,  or  to  self-corrosion. 

Many  very  thorough  tests  have  been  made  in  Germany,  ^ 
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and  a  large  majority  of  these  have  shown  that  corrosion  was 
being  produced  by  stray  railway  currents. 

The  more  prosperous  companies  and  municipalities  spent 
money  for  improvements  after  the  publication  of  the  Regula- 
tions of  the  Earth  Current  Commission.  Exact  information 
was  not  available  regarding  the  number  of  places  where  changes 
had  been  made,  but  the  best  information  indicated  that  the 
number  was  between  20  and  30.  Of  these,  about  100,000  marks 
each  was  spent  in  Danzig,  Strassburg  and  Erfurt,  re-arranging 
the  resistances  in  existing  return  conductors,  and  Dresden 
was  engaged  in  insulating  the  existing  bare  conductors,  and 
generally,  the  most  important  cities  were  rapidly  improving 
their  return  circuit  conditions. 

The  present  conditions  in  Germany  are  considered  satis- 
factory where  the  electric  railways  have  conformed  to  the 
Commission  Regulations,  or  where  conditions  were  already 
equally  good ;  in  other  cases  the  conditions  are  considered 
to  be  unsatisfactory.  No  cases  of  extensive  damage  to  cable 
sheaths  were  found. 

Italy.  Very  little  damage,  if  any,  is  known  in  Italy,  and  the 
conditions  are  said  to  be  satisfactory.  This  favorable  report 
is  based  on  the  absence  of  complaints. 

France.  Outside  of  Paris,  there  is  little  damage  caused  by 
tramway  systems,  which  generally  observe  a  one  volt  per 
kilometer  rail  drop  limit,  contained  in  regulations  issued  by 
the  Ministry  of  Public  Works.  No  adequate  or  complete  tests 
have  been  made  in  France,  although  some  testing  has  been 
done  in  Paris  following  the  development  of  trouble. 

In  Paris,  60  to  70  cases  of  damage  to  pipes  have  been  found 
in  a  year,  and  the  actual  minimum  cost  of  repairs  was  esti- 
mated to  be  60,000  francs;  however,  it  was  held  that  the  para- 
mount consideration  was  the  danger  to  security  of  service,  since 
nearly  all  cases  caused  losses  in  buildings,  although  there  were 
no  explosions. 

At  least  30  to  36  per  cent  of  the  total  number  of  cases  re- 
ported were  due  to  re-arrangement  of  the  Edison  two-wire  and 
three-wire  mains;  such  troubles  are  local  and  temporary,  while 
in  other  cases  the  troubles  are  persistent. 

A  very  considerable  amount  of  damage  in  Paris  is  due  to 
the  *'  Metropolitan'*  subway  system,  which  claims  exemption 
from  the  one-volt  per  km.  rule,  not  being  a  tramway  system. 
With  this  exception,  conditions  in  France  are  said  to  be  gen- 
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England.  Considerable  damage  is  said  to  have  occurred  in 
the  early  days  of  electric  traction  in  England,  although  such 
damage  was  apparently  insignificant  compared  to  conditions 
familiar  in  America.  Practically  no  damage  has  occurred  in 
recent  yeais,  and  certainly  no  extensive  damage.  Two  or 
three  cases,  local  in  character  and  of  small  extent,  have  occurred 
in  localities  where  the  Board  of  Trade  regulations  were  complied 
with. 

In  England  there  is  very  little  good  evidence  in  the  way  of 
tests,  and  the  general  statements  of  immunity  are  based  on 
the  absence  of  trouble.  The  Post  Office  and  the  South  Metro- 
politan Gas  Company  (London)  both  make  systematic  tests 
and  find  no  trouble,  with  the  exception  that  the  Post  OflSce 
has  from  time  to  time  encountered  difficulties  due  to  stray 
currents,  which  were  however  generally  quite  local  in  character. 

While  it  is  generally  stated  in  England  that  there  is  little 
actual  damage  to  piping  systems,  and  that  the  problem  is  not 
an  important  issue  with  the  owners  of  gas  piping  systems,  there 
is  considerable  feeling  among  the  privately  owned  gas  com- 
panies that  they  are  not  adequately  protected  by  the  Board 
of  Trade  Regulations,  since  they  cannot  recover  damages  in 
case  corrosion  occurs  where  the  Regulations  are  complied  with. 
This  has  led  to  numerous  applications  to  Parliament  for  special 
clauses  in  Acts  granting  powers  to  electric  railway  undertak- 
ings; most  of  these  have  been  refused,  but  some  have  been  . 
granted. 

It  is  generally  admitted  that  the  Board  of  Trade  Regulations, 
as  originally  drawn,  were  empirical,  and  that  they  might  be 
remodelled  with  advantage,  but  since  the  only  feature  of  the 
regulations  actually  rigidly  enforced:  namely,  the  limit  for  over- 
all rail  drop,  results  in  substantial  immunity,  the  great  dif- 
ficulty attending  revision  does  not  seem  justified. 

83.  Protective  Measures  in  Vogue. 

Feeders. 

Germany.  Insulated  return  feeders  are  used  almost  uni- 
versally in  Germany.  In  Berlin  and  Hamburg  these  return 
feeders  are  of  the  same  number  and  size  as  the  positive  feeders, 
but  generally  in  other  towns  the  return  feeders  are  of  smaller 
cross-section.  Separate  feeders  are  generally  used,  but  not 
exclusively,  as  feeders  with  resistance  taps  are  used  in  some 
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cases.  Formerly  there  were  cases  of  feeders  tapping  at  several 
points,  but  important  cases  have  been  corrected  by  the  inser- 
tion of  resistances.  (The  distinction  between  copper  which 
merely  parallels  the  rails,  and  feeders  intended  to  maintain 
equi-potential  points  in  the  rail  net-work,  is  clearly  understood 
in  Germany). 

Negative  boosters  are  used  in  several  cases,  but  the  general 
practice  is  not  to  use  them.  The  tramway  in  Danzig,  operated 
by  a  private  company,  and  having  a  maximimi  load  of  600 
kw.,  has  used  boosters  since  1906. 

Return  feeder  systems  are  carefully  calculated  in  recent  in- 
stallations; the  same  grade  of  insulation  is  generally  provided 
for  both  positive  and  negative  feeders.  No  design  data  for 
feeder  resistances  were  obtained. 

England.  Insulated  return  feeders  are  used  in  England, 
wherever  return  feeders  are  necessary  to  bring  the  rail  drop 
within  the  B.O.T.  regulations  Separate  feeders  are  generally 
used.  (As  in  Germany,  the  feeders  are  intended  to  maintain 
the  rail  taps  at  the  same  potential  throughout  the  system). 

Negative  boosters  are  more  extensively  used  than  in  Germany. 
They  are  very  commonly  used  in  the  larger  systems,  although  in 
one  large  city  their  use  was  abandoned  after  they  had  been  in 
operation  for  some  time.  They  are  considered  more  economical 
than  resistances  in  the  rettu-n  feeders,  and  also  to  provide  better 
regulation  where  the  load  centers  shift. 

Return  feeder  systems  are  only  calculated  in  the  larger, well 
supervised  systems,  elsewhere  they  are  installed  on  "cut-and- 
try"  methods.  The  same  grade  of  insulation  is  usually  provided 
for  both  positive  and  negative  feeders. 

Italy.  Return  feeders  are  not  used  for  tramways  in  Italy- 
France.  Insulated  return  feeders  are  used  for  the  conduit 
tramways  in  Paris,  but  little  elsewhere.  Most  systems  have 
but  one  feeding  point  to  the  rails.  Boosters  are  very  little 
used,  the  only  system  found  to  be  equipped  with  boosters  was 
that  of  the  Cie.  des  Tramways  de  Paris  et  du  Dept.  de  la  Seine. 

Voltage  and  Current  Conditions. 
Germany.  Where  return  circuits  have  not  been  remodelled 
in  accordance  with  the  Commission  Regulations,  overall  volt- 
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age  limits  vary  greatly,  but  in  the  majority  of  cases  they  are 
between  5  and  10  volts.  Other  systems  will  be  from  2  to  5 
volts.    Negative  feeders  are  designed  for  equal  drop. 

Bnfl^and.  Overall  rail  drops  for  tramways  in  England  are 
generally  very  much  lower  than  the  B.O.T.  requirement,  averag- 
ing probably  2.5  to  3  volts,  with  the  exception  of  occasional 
drops,  which  may  be  as  high  as  15  or  20  volts,  due  to  extra- 
ordinary traffic  at  foot-ball  matches,  etc.  The  railways  prob- 
ably have  higher  overall  voltages  than  the  tramways.  Glasgow, 
which  voluntarily  adopted  a  2  volt  rail  drop  limit,  Manchester, 
and  other  large  towns,  have  extraordinarily  low  rail  drops. 
Electrolysis  conditions  throughout  the  United  Kingdom  are 
generally  said  to  be  satisfactory,  although  some  private  gas 
companies  do  not  agree  to  this.  Potential  differences  between 
pipes  and  rails  are  said  to  be  generally  less  than  1  volt. 

Negative  feeders  are  designed  for  equal  drop. 

France.  It  is  stated  that  the  tramways  in  France  generally 
endeavor  to  observe  the  1  volt  per  km.  limit.  Potential  dif- 
ferences between  pipes  and  rails  rarely  exceed  1  volt  (However 
we  observed  a  6  volt  potential  in  Paris). 

Miscellaneous   Protective   Measures. 

Drainage  System.  Electrical  drainage  was  formerly  applied 
in  one  or  two  cases  in  Germany,  notably  in  Aachen,  but  it  was 
abandoned  on  account  of  damage  produced  by  it,  first,  due  to 
joint  corrosion,  and  second,  damage  to  other  underground 
structtu-es.  It  is  condemned  by  the  engineers  of  the  Earth 
Current  Commission. 

Electrical  drainage  is  not  employed  in  Italy  or  France. 

In  England,  it  is  not  approved  as  a  general  measure  to  afford 
relief  from  stray  cturent,  although  there  are  a  few  special  in- 
stances of  its  application  to  the  Railway  Company's  own  lead 
covered  cables,  where  the  common  practice  is  to  bond  to  the 
rails  at  many  points.  One  engineer  thought  that  it  might  be 
applied  where  currents  were  small,  except  to  gas  pipes  on  account 
of  the  danger  from  sparking,  he  also  thought  that  it  wotild  be 
undesirable  in  America  where  large  currents  are  carried. 

Negative  Trolley  or  Periodic  Reversal.  The  trolley  wire  was 
originally  made  negative  in  Numberg,  and  in  3t,  Gall,  Switsser- 
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land,    but  not   periodically  reversed.     The  scheme  has  been 
abandoned  in  both  places. 

This  connection  has  not  been  used  for  tramways  in  Italy, 
France  or  England. 

Three-Wire  System.  The  three  wire  system  has  been 
applied  to  electric  railways  in  a  few  cases  in  Germany.  In 
each  case  the  distribution  of  load  between  polarities  was  by 
districts,  that  is,  certain  entire  sections  will  have  the  trolley 
wire  positive,  and  others  will  have  the  trolley  wire  negative. 
Under  these  conditions  the  systems  may  become  considerably 
unbalanced. 

In  France,  the  Nord-Sud  Chemin  de  Fer  employs  a  three- 
wire  system  with  two  motors  per  car,  positive  and  negative, 
the  running  rails  acting  as  a  grounded  neutral. 

In  England  the  three-wire  system  has  not  been  applied  to 
tramways.  The  City  and  South  London  Underground  Rail- 
way employs  it,  but  this  will  be  discontinued  following  con- 
solidation with  other  systems. 

Average  Feeding  Distances.  In  England,  the  average  feed- 
ing distances  are  said  to  be  from  2  to  3  miles. 

Joints  in  Cast-iron  Mains.  Cast-iron  pipes  in  England  and 
Germany  are  generally  of  the  lead  calked  bell  and  spigot  type 
In  Germany  flanged  joints  are  frequently  used  for  special 
fittings,  valves,  T*s  and  hydrant  taps  for  water  mains.  Cast- 
iron  pipes  are  little  used  in  France;  pipe  joints  are  either  lead 
calked  bell  and  spigot,  or  in  large  pipes  flanged  with  rubber 
gaskets.  Insulating  joints  are  not  used,  except  that  in  England 
it  is  said  that  they  are  occasionally  used  for  water  pipes  in 
very  special  cases. 

Insulating  Coverings.  In  Germany  it  is  held  that  insulating 
coverings  do  not  afford  protection  against  electrolysis,  as  their 
effect  is  merely  to  concentrate  escaping  stray  currents,  since 
perfect  coverings  cannot  be  maintained.  They  should  only  be 
used  where  protection  against  chemical  corrosion  is  desired, 
due  to  the  character  of  the  soil. 

In  France,  gas  engineers  stated  that  insulating  coverings  were 
being  studied,  but  it  was  not  believed  that  they  would  prove 
practicable. 
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In  England,  insulating  coverings  are  not  considered  good 
protection  against  stray  railway  currents.  High  pressure  gas 
pipes  have  been  covered  with  pitch  canvas,  and  the  London 
Water  Board  pipes  are  provided  with  an  asphalt  dip  coating, 
but  more  as  protection  against  chemical  corrosion. 

Insulating  Joints  in  Telephone  Cables.  Not  used  in  Ger- 
many or  England. 

Double  Trolley.  The  double  trolley  system  is  not  in  general 
use  in  any  of  the  countries  visited.  One  or  two  very  special 
cases  near  Laboratories  in  Germany,  the  district  within  2  or 
3  miles  of  the  Greenwich  Observatory,  and  some  conduit  tram- 
ways of  the  London  County  Coimcil  System,  were  the  only 
cases  noted.  The  double  trolley  is  also  used  in  connection 
with  a  few  miles  of  rail-kss  trolley  in  England. 

Corrosive  Effects  of  Soil.  In  Germany  the  possibility  of 
chemical  corrosion  (that  is,  corrosion  without  an  external 
supply  of  electricity)  is  recognized,  and  distinction  is  made 
between  such  corrosion  and  that  produced  by  stray  currents. 
Pipe  corrosion  has  actually  been  found  under  conditions  where 
it  could  not  have  been  produced  by  stray  currents.  The  re- 
sistance of  soil  is  said  to  vary  from  1  ohm  to  2000  ohms  per 
cubic  meter,  averaging  about  100  ohms  per  cubic  meter. 

No  definite  information  was  obtained  in  England  regarding 
the  corrosive  properties  of  soil,  but  it  was  stated  that  chemical 
corrosion  was  known  to  occur.  Such  corrosion  does  not, 
however,, produce  acute  conditions,  as  in  electrolysis;  it  is  more 
like  ordinary  oxidation. 

Effect  of  Roadbed  Construction  on  Leakage  Current.    The 

authorities  consulted  in  Germany  were  of  the  opinion  that  the 
road-bed  constructions  used  did  not  effect  a  reduction  of  leak- 
age from  the  tracks.  A  similar  opinion  was  held  in  England. 
(See  Fig.  10-13). 

Rail- Weights.  In  Germany  the  common  rail  weights  are 
50-60  Kg.  per  meter  for  tramways,  and  30-40  Kg.  per  meter 
for  interurban  lines.  In  France  the  ordinary  rail-weights  are 
46  to  51  Kg.  per  meter.  In  England  rail- weights  vary  from 
70  to  100  lbs.  per  yard,  in  the  majority  of  cases.     (See  Fig.  14). 
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Welded  Rail- Joints.  In  Germany  Thermit  welds  are  used 
to  some  extent,  they  are  becoming  more  common.  In  France 
the  rails  of  the  System  Cie.  de  Omnibus  Thomson-Houston, 
are  welded. 

In  England  Thermit  welds  have  been  very  extensively  used, 
giving  good  results  electrically,  but  having  short  life  due  to 
mechanical  weakness  where  traffic  is  heavy.  A  type  of  elec- 
trically welded  continuous  rail,  very  extensively  used  in  Leeds, 
and  to  an  increasing  extent  in  Manchester  and  Glasgow,  is 
giving  excellent  results,  being  mechanically  strong  and  pro- 
viding good  electrical  conductivity. 

Rail-bonds.  Solid  copper  pin  type  bonds,  usually  1  meter 
long,  are  most  commonly  used  in  Germany,  and  also  in  France. 
The  Metropolitan  System  in  Paris  places  the  bonds  under  the 
base  flange  of  the  rail. 

In  England,  solid  copper  pin  type  bonds,  protected  bonds 
inside  of  fish  plates,  and  other  types  familiar  in  America,  are 
generally  used.    (See  Fig.  15). 

Cross-bonds.  In  Germany,  cross-bonds  are  used  about  every 
10  rails,  i.e.,  every  100  meters.  In  France,  cross-bonds  are 
placed  every  50-100  meters,  they  have  the  same  area  as  the 
rail-bonds.  In  England  cross-bonds  are  placed  generally 
every  40  yards,  they  have  the  same  area  as  the  rail-bonds. 
(See  Fig.  16). 

Depth  of  Pipes  etc.  Below  Surface.  In  Germany,  gas  pipes 
are  generally  laid  0.8-1.  meter,  and  water  pipes  1-1,5  meters, 
below  the  stirface.  In  France,  gas  pipes  are  laid  where  pos- 
sible 0.6  meter  below  the  surface,  L.T.  cables  0.7  meter,  and 
H.T.  cables  1.3  meters.  In  England  1  foot  is  said  to  be  danger- 
ous; 2  feet  was  given  by  one  authority  as  an  average  and  2.5 
to  5  feet  by  another.  In  all  cases  the  above  depths  are  only 
typical,  the  practice  varies  widely. 

Mains  on  Both  Sides  of  Streets.  In  Germany,  France  and 
England,  mains  are  laid  on  both  sides  of  principal  streets,  or 
streets  wider  than  14  meters  (Paris)  or  in  streets  with  wood 
or  asphalt  pavements,  and  generally  in  the  larger  towns.  In 
narrow  streets  or  in  unimportant  places,  one  main  is  used. 
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84.  Economic  Aspects  of  the  Electrolysis  Problem.  About 
40  per  cent  of  the  electric  railway  systems  in  Germany, 
and  about  70  per  cent  in  England,  are  municipally  owned. 
In  Germany  one  authority  thought  that  municipalities  were 
more  ready  than  private  companies  to  spend  money  for  the 
purpose  of  improving  their  return  circuits,  but  in  England  it 
was  thought  that  there  was  no  difference  in  this  respect. 

Opinions  differed  in  Germany  as  to  whether  or  not  the  pre- 
vailing regulations  constituted  a  financial  hardship.  In  England, 
the  Board  of  Trade  regulations  are  nowhere  considered  a  hard- 
ship, and  when  inquiry  was  made  as  to  whether  the  existing 
regulations  had  retarded  the  development  of  electric  railways, 
the  authorities  consulted  uniformly  stated  that  this  was  not 
the  case.  It  appears  that  in  fact  a  saturation  point  has  been 
reached,  and  busses  are  being  used  where  tramways  would  not 
pay.  Traffic  conditions  are  said  to  be  quite  as  heavy  in  Eng- 
land as  in  the  United  States.  Only  one  authority  in  England 
ventured  an  estimate  of  the  average  load  factor  for  English 
electric  railway  systems,  he  estimated  it  to  be  35  per  cent. 

There  is  very  little  overhead  feeder  line  construction  in 
Germany,  and  almost  none  in  England. 

86.  Regulations  and  Tests.  The  German  Earth  Current 
Commission  Regulations  only  attain  the  force  of  law  when 
incorporated  in  the  contracts  between  civil  authorities  and 
the  railroad  companies,  or,  as  in  the  case  of  many  cities,  where 
it  IS  provided  that  new  work  be  done  in  accordance  with  "exist- 
ing technical  standards."  The  Commission  regulations  are 
being  generally  incorporated  in  contracts  for  new  enterprises 
or  extensions.  Also,  other  undertakings  not  stlbject  to  its 
provisions  are  changing  over  voluntarily  for  reasons  of  policy 
or  economy,  or  as  the  result  of  compromise  to  avoid  litigation; 
this  is  said  to  be  the  case  in  30  or  40  important  towns. 

So  far  as  could  be  ascertained,  no  local  ordinances  exist  in 
Germany  regarding  electrolysis.  In  England,  there  are  no 
local  ordinances  which  have  the  effect  of  modifying  the  Board 
of  Trade  regulations.  Certain  gas  companies  have  obtained 
special  statutory  orders,  fixing  the  responsibility  for  damage, 
but  these  do  not  modify  the  Board  of  Trade  regulations. 

In  applying  the  Earth  Current  Commission  Regulations  in 
Germany,  the  term  "average  schedule  traffic"  is  interpreted 
to  mean  the  average  for  the  entire  period  of  operation  which 
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is  usually  18  or  19  hours  per  day.  If  the  measurements  are 
not  actually  taken  over  the  entire  period,  they  are  corrected 
to  obtain  a  figure  corresponding  to  this  average. 

In  Bngland,  measurements  are  based  on  an  average  for 
about  20  minutes  at  peak  load.  The  "average"  is  obtained 
as- the  mean  between  the  average  of  the  maxima  during  this 
period,  disregarding  unusually  high  swings,  and  the  actual 
aveiage  of  all  measurements.  This  quantity  is  usually  obtained 
in  practice  from  inspection  of  recording  instrument  charts. 

The  British  Board  of  Trade  makes  inspections  on  its  own 
initiative,  because  it  is  responsible  for  its  rules,  which  have 
substantially  the  force  of  law;  they  also  investigate  complaints. 
There  are  no  regular  inspections,  on  account  of  the  lack  of  a 
proper  appropriation;  most  of  its  information  is  obtained  by 
means  of  circtdar  returns,  provided  for  in  the  Regulations. 
The  latest  call  for  a  return  was  issued  in  1906. 

In  Germany,  permanent  means  for  measuring  overall  poten- 
tials are  very  generally  provided,  but  the  methods  of  doing 
this  vary  widely.  Pilot  wires  are  usually  provided  for  new 
installations  in  France. 

In  England,  pilot  wires  are  universally  used  in  connection 
with  recording  instruments.  The  practice  varies  widely,  but 
the  most  common  method  employs  14  or  16  gauge  wires  laid 
with  the  main  cables,  and  extended  beyond  them. 

Bond  testing  is  generally  done  in  Germany  on  some  syste- 
matic basis,  more  often  annually,  but  in  some  large  systems 
semi-annually.  The  bond  testing  devices  are  generally  of  the 
three  contact  type  with  differential  galvanometer.  Some  of 
these  are  said  to  be  undesirable  on  account  of  the  form  of  the 
contact,  others  because  the  rail  joint  points  span  too  short 
a  length,  or  on  account  of  the  type  of  galvanometer  employed, 
etc.  In  England,  it  is  stated  that  there  is  practically  no  sys- 
tematic bond  testing  except  in  the  large,  well  supervised  systems. 

I.    GENERAL  REMARKS. 

86.  Germany.  Where  municipalities  own  the  water,  gas  and 
street  railway  systems,  they  may  prefer  to  assume  the  cost  of 
damage  rather  than  making  larger  expenditure  for  protection 
of  their  pipes.  There  are  cases  in  dispute  pending  in  Essen 
and  Aachen.  In  Aachen  the  drainage  system  was  formerly  iised, 
but  gave  trouble;  changes  are  under  study  or  under  way. 
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Recently  the  case  of  Mansfeld  was  decided  against  the 
gas  company  as  the  railway  existed  before  the  gas  plant. 

Hambtirg,  prior  to  the  forming  of  the  commission,  installed 
return  insulated  feeders  which  gave  valuable  information  in 
guiding  the  recommendations  of  the  commission. 

Strassburg  found  in  stimmer  50  %  greater  leakage  than  in 
winter  when  measurements  were  made  in  cold  weather  and 
the  ground  frozen.  In  snow  storms,  however,  the  leakage  was 
increased  as  the  cars  were  using  more  current. 

The  Prussian  Law  protects  railway  companies  against 
suits  for  damages  caused  by  stray  currents  whenever  the  pipe 
owning  concerns  did  not  apply  for  protection  against  these 
possible  damages  before  the  original  franchise  to  the  Railway 
Company  was  granted. 

Similar  laws  apply  in  other  States. 

When  the  municipality  assumes  the  operation  of  a  railway 
it  does  not  assume  responsibility  to  protect  the  pipe  owning 
companies  against  damages  due  to  stray  currents. 

87.  France.  In  Paris  pipes  for  water  are  located  in  sewers 
and  therefore  remote  from  trouble. 

Telephone  cable  troubles  are  few  in  Paris.  In  the  suburbs 
all  underground  pipe  systems  are  more  or  less  affected. 

Twenty  suits  are  now  in  litigation  between  the  gas  companies 
and  the  railways. 


88. 


STATISTICAL— OPERATING— STRUCTURAL  AND 
TECHNICAL  DATA. 

TABLE  1. 
Magnitude  of  Electric  Railway  Undertakings  in  German 
Empire  and  United  EJngdom. 


German  Empire 
1011 

United  Kingdom 
1912 

Number   of   undertakinga 

MU«  of  single  track 

258 

4.020 

26.078 

54.364.625 

430.512.031 

2.631.802.678 

13.237.024 

262 

4.202 

12.860 

77.087.944 

326.688.674 

3.145.805.137 

14.593.052 

No.  of  cars  of  all  kinda 

Capital  expended  £ 

Car  miles 

No.  of  passengers 

Gross  income  £ 
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TABLE  2. 
Tramways  not  Operated  by  Electricity. 


MOee  of  single  track.                                  1 

Horae 

Steam 
locomotive 

Cable 

Petrol 
motors,  etc 

G«rxnan  Empire.  101 1 

46.1 
38.7 

40.8 
42.3 

4.1 
60.1 

10. 0 
4.8 

United  Kingdom.  1012 

TABLE  3. 

90.  Ownership  of  Electric  Railway  Undertakings 

A — German  Empire,  1911. 


Private 
corporations 

Local 

authorities 

Public    owBcrsfaip 

operated 

by  private 

corporatioib 

No  of  undertakings 

112 

2,711 

16.300 

32.686.120 

260.720.076 

1.610.671.662 

8.006.767 

110 

1.646 

7.766 

16.282.026 

134.466.076 

800.127.262 

4.118.873 

ao 

503 

1.082 

6.487.480 

36.316.081 

213.103.754 

1.022.304 

Miles  of  sinffle  track 

No.  of  cars  of  all  kinds 

Capital  expended  £ 

Car  miles.  .•....■....'....•'.. 

No.  of  oassenffers 

Gross  income  £ 

B— United  Kingdom,  1912. 

Private  corporations 

Local  authorities 

No   of  u ndgrt ulri  ngs 

04 

1.116 

8.444 

22.648.606 

81.101.368    ^ 

621.646.806 

3.634.873 

168 

3.078 

0.416 

84.430.848 

246.407.806 

2.624.868.381 

11  ASA  IVO 

Miles  of  singlft  track 

No   of  cars  of  all  kinds. 

Caoital  exoended  £ 

Car  miles 

No.  of  passengers 

Gross  income  £ 
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TABLE  4. 
91.  Statistics  of  Tramways  in  Large  Cities. 

A — German  Empire. 


Max.  load  kw. 

Avg.  cai 

■  miles 

Avg.  pass. 

Annual  gross 

per  diem 

per  diem 

Income-marks 

Per 

. 

Per 

Per 

10.000 

10,000 

10.000 

Per 

Actual 

Popul. 

Actual 

Popul. 

Actual 

Popul. 

Actual 

capita. 

Hamburg 

(935.000) 

91.450 

981 

460.000 

4940 

12.208.781 

12.97 

L«sip7ig 

^590,000) 

2.145 

30.5 

59.910 

1020 

328.500 

6590 

11.129.573 

18.95 

(550.000) 

3.300 

60.3 

59,410 

1085 

346,800 

6320 

12.324.064 

22.55 

DuBseldorf 

(360.000) 

1.386 

38.8 

27.040 

756 

183.000 

6120 

6.524,714 

15.46 

NOrnbcig 

(330.000) 

880 

26.5 

18.860 

569 

108.600 

3280 

3.643.810 

10.69 

AVBRAGB 

40.5 

882 

5050 

....  ( 

M16.12 

$  3.86 

B 

— Unit^ 

sdKi 

Qgdom. 

1 

Max.  load  kw. 

Avg.  car 

miles 

Avg.  pass. 

Annual  gross 

1 

per  d 

em 

per  diem 

Income-pounds 

1 

Per 

Per 

Per 

10.000 

10.000 

10.000 

Per 

Actual 

Popul. 

Actual 

Popul. 

Actual 

Popul. 

Actual 

capita. 

Manchester 

1.250.000) 

11.000 

88 

51.400 

411 

610.400 

4082 

887.647 

0.710 

Glasgow 

(1.150.000) 

11.500 

100. 

63.950 

556 

854.000 

7422 

1,070.175 

0.932 

Birmingham 

(900.000) 

36.000 

400 

368.000 

4088 

581.666 

0.646 

Leeds 

(450.000) 

4.500 

100. 

24.100 

536 

245.800 

5460 

411,531 

0.914 

Dublin 

(390.000) 

4.500 

115.4 

10.650 

504 

147.700 

3790 

293.748 

0.762 

Average 

100.9 

481 

4968 

■■\ 

£    0  791 
$    3  84 
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TABLE  5. 
92.  Statistics  of  Tramways  in  Small  Cities. 
A — German  Empire. 


Max.  loiid  kw. 

Avg.  car 

miles 

Avg. 

pass. 

Annual 

gross 

per  diem 

per  diem 

Income-marks 

Per 

Per 

Per 

10.000 

10.000 

10.000 

Per 

Actual 

Popul. 

Actual 

Popul. 

Actual 

Popul. 

Actual 

rapita. 

Casscl 

(153.078) 

460 

30.6 

6215 

406 

38.550 

2516 

1.474.100 

0  62 

Braunschweig 

(143.634) 

466 

32.5 

7000 

404 

83.100 

2306 

1.205.577 

8.40 

Erfurt 

(111.401) 

30 1 

27  3 

3580 

321 

10.010 

1708 

637.702 

5  72 

Freiburg 

(83.328) 

165 

10  8 

2742 

320 

18.860 

2264 

664.625 

7  08 

Solingen 

(50.540) 

250 

40.5 

3730 

738 

23,250 

1600 

073.240 

10.26 

Average 

.. 

32.0 

458 

2670 

..,.  ( 

M10.20 

$     2  15 

B — ^United  Kingdom. 


Max.  load  kw. 

Avg.  car 

miles 

Avg.  pass. 

Annual  gross 

per  diem 

per  diem 

Income-pounds 

Per 

Per 

Per 

10,000 

10.000 

10.000 

Per 

Actual 

Popul. 

Actual 

Popul. 

Actual 

Popul. 

Actual 

capita. 

Brighton  H. 

(173.000) 

005 

57  6 

3165 

183 

31.000 

1702 

53.748 

0  311 

Dundee 

(168.600) 

1700 

101.0 

3725 

221 

48.550 

2880 

65.045 

0  386 

Preston 

(121.000) 

600 

40.6 

2660 

220 

26.200 

2166 

43.270 

0.358 

Coventry 

(01.000) 

760 

77.0 

2720 

200 

20.000 

2207 

30.153 

C.430 

Burton  T. 

(50.000) 

375 

74.4 

1240 

246 

0140 

1815 

16.807         0  316 

Average 

72.0 

234 

2100 

■    .      /   £     0  360 

1 

\  »     1  75 
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TABLE  6. 
93.  Rail  Bonding. 
United  Kingdom. 


Coppw  Boodt. 

Solid  copper,  type  not  specified. 

Flexible  "  "  "  "  . 
i     Crown— 3/0  and  4/0 

Neptune  4/0 

I     Chicago 

I     Forest  City 

Misc.  and  type  not  specified. . . . 


Total,  copper  bonds  only. 


Walded  Rails,  Btc. 

Continuous  rails,  type  not  specified. 

Yalk  cast  weld 

Thermit 

"     and  Yalk 

**     and  Tudor 

**     and  Oxy- Acetylene 


Total,  entirely  welded 


PutlaUy  Welded: 

Copper  and  Thermit 

**         **    other  welded  joints. 


Total,  partially  welded. 


•  Plastic 


i,Bte. 


Plastic  bonds  and  cupper. . . 
«  Thermit. 


No.  of 

Miles  of 

undertakings 

single  track 

46 

560. 

9 

17«. 

20 

321. 

19 

229.2 

8 

71.3 

5 

37  2 

15 

400.8 

122 

1801  5 

1 

17. 

1 

1?0. 

3 

61.6 

1 

15  9 

1 

28. 

1 

18 

8 

llU)  5 

31 

1312.4 

5 

377.3 

3« 

l'>89  7 

3 

117  5 

I 

12.3 

4 

ie9.s 

Per  cent  '■ 
of  total 
(miles » 


47.3% 


4.2% 


44.3% 


4.2% 
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TABLE  7. 
94.  Use  of  Negative  Boosters. 
United  Kingdom. 


Number 

Miles  of 
»xn«1e  track 

Total  numticr  of  undertakinss 

183 
39 
21.3% 

3835. 
1152. 
30.% 

Number  of  undertakings  using  negative  boosters 

Per  cent  wsins  nesative  boosters 

Relation  between  Booeter  Capacity  and  Plant  Capacity 
Average,  fox  25  cases:  Booster  Capacity — 3.0%  of  plant  capacity. 
Hicheat—  0     %  for  plant  ol  fiOO  kw.  capacity 

12     %    "         "     "  800     " 

Lowest— 0.8  %    "         "     "  5725  " 

0  9  %    -  "  "  3500  " 


TABLE  8. 
96.  Distribution    Systems   for   Tramway   Feeders. 
United  Kingdom. 


Solid  system,  all  types 

Conduit  «        «      "    

Solid  and  conduit 

Overhead,  wholly  or  partly 

Not  reported.. . 


No.  of 
undertakings 


80 

63 

21 

0 

170 
11 

181 


Miles  of 
single  track 


1888.2 

1839.2 

626   1 

40  9 

4394  9 
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Track  Construction  and  Rails  -  Germany 


Typical  Construction  for  paved  street 


STRASSBUR6 

Haarman  3  piece  Rail,  and  foot  plate 


Figure  II 


Digitized  by  LjOOQ IC 


1806 


EUROPEAN   PRACTICE 


German  Tramwav   Rails 


L^Fbr  curved 
track 


Rillcnschicn£ 

Phonix  Prof i I  land  la 

42.8  and  45.7  Kg/^^ 


Vl^NOLSCHIENE 

Special  profile  for  Tramway 


(jB)  Rillenschiene  with  foot  fish-plate 

Overlapping  Rail  Joints 


(b)  Haarman  2' piece  Rail 


O 

O 


O  O 


O      O  i!   O      O 


^ 


o 
o 


(c)  and  (d)  Haarman  2 -piece  Rail 


Figure  12 
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British  Tramway  Rails 


3r- 


^ 


standard  prior  to  1908 


H  Present  Standard  "Brit.  Starxl"  N^  4 
Bessemer  Steel  100-105  lbs  per  yd. 
Fish  plates  2' long  63.5  lbs  per  pair. 


Straighft  TrachJIO  lbs  per  yard 
"British  Standard"  Section  R«S 


Curved  tracK.  116  lbs.  per  yard, 
■pritish  Standard"  Section  N«5c 


Figure  13 
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.3000 


«2000 


o 

!l  iooo 


40 


Rail  WEI6HT  Data 
Lbs/yd. 


80 


.Germany 


Classified  bi^  Rail  Types 


1 — Totals" 

Rillenschiene 
Vignolschiene 
Wechselsteg 


-  5902  Km. 
lOZO  Km.- 
714    Km. 


»};i^ 


10 


20 


Kg/m. 


120 


•-Rillenschiene 


Wiechseisteg  ~ 


50 


60 


tooo 


750 


J   500 


250' 


T-TT 

United  Kingdom 


Classified  bu  Track  Gauges 
'      -Totals        ' 


2'8i'  2'lli"  and  3'  track  qauqeV    29 
J^i-      [-      -1056! 


4'7r 
-A'BJ 


Jf  Not  plotted 


'  404.6 
-1039.4- 
•  114.2 


6  miles 
6     H 


Large  Systems  other  than  Standard  Sauge. 
_Cbrk-l5miles-Z'»J"fiuagft  | 

Birmingham  Corp. - 1 6/  miles -3'6'9auge. 

Bradford  - 100  miles  -  4"  gauge 
■"  GltfsaoiT*  196.5  miles  -  AHf^Jj^. 

Dubim  - 108  miles  -5.'3'9auge. 


20 


40 


3'6'a4*, 

I       J 


60 
LbVyd. 


80 


100 


•7j-&4-^* 


120 


Figure  14 
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1800 


Typical  Rail  Bonds  -  United  Kingdom 


Manchester 
(Standard) 


Oi^ 


I       /Ng  0000  Copper  Rod         ji^2'*'«r—  4' 


^ 


pec: 


C)JC 


^ 


pa:) 


ji  ^Flexible  jCopper  Bond. 


-24' 


8"- 


36" 


Glasgow 
(Standard) 


Figure  15 
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Cross- BoNDiNe  Detafls.  etc  -  United  Kingdom 


zs::^ 


Classomt 
Standard  Cross-Bonding 

^^j 


1^^^^ 

Bondr* 


.ssx 


SuMl«  Cross 

.^:^ 


Double  Rail  Bond 


^ 


^:2^ 


^Si^ 


^S:^ 


■  40  yards  (2  rail  lengthsJi  • 


A 


w 


MettYOd  of  connecting 
one  return  cable  to 
track 

London 
L.C.C.  Return  Feeder  Connections 

4-N«0000  B&S  Bonds 
per  terminal,  about 
Rail 34Nong^ 


Rail 


Bond  Terminal, 
clam] 
soi< 


mpedand^^-t^ 
^Idered. /qf\ 


Rail 


Rail 


Bare  Cable-^ 


^^ 


Lead  Sleeve 

Mettvod  of  connecting^ 
t^o  return  cables  to 
track  at  same  point. 


IX  cable 


Figure  16 
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96.  Electrolysis  Testing  Methods.  The  stirveys  made  by 
the  engineers  of  the  Earth  Current  Commission  of  Germany  are 
systematically  planned.  They  start  with  a  general  investiga- 
tion of  geological  conditions,  the  character  of  the  soil,  ground 
water,  and  so  forth,  continuing  with  a  general  survey  of  the 
present  condition  of  the  railway  property,  including  distribu- 
tion of  load,  track  and  rail  resistance,  location  and  loading  of 
supply  and  return  circuit  cables,  and  any  other  electrical  data 
relating  to  the  investigation.  The  surveys  then  take  up  the 
specific  measurements  relating  to  stray  current,  such  as  poten- 
tial differences  between  pipes  and  rails,  current  in  pipes,  and 
so  forth.  The  surveys  conclude  generally  with  recommenda- 
tions for  betterments  where  such  are  needed,  and  often  include 
estimates  of  the  cost  of  such  improvements. 

In  England  very  little  testing  is  done  to  investigate  electrolysis 
questions  and  no  technique  has  been  developed  for  such  work. 
The  only  extensive  work  in  recent  years  is  that  of  the  Cunliffe 
brothers,  and  their  work  was  directed  mainly  toward  the  in- 
vestigation of  certain  theoretical  questions  rather  than  toward 
the  systematic  investigation  of  any  railway  system.  The 
work  of  the  Cunliffes  appears  in  two  papers  presented  by  them 
before  the  British  Institution  of  Electrical  Engineers. 

97.  Abstract  of  Laws  and  Regulations  or  Recognized  Standards 
in  European  Countries. 

(See  next  page.) 
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L.    MISCELLANEOUS  NOTES. 
98.  Plan  of  German  Earth   Current  Commission  Reports. 

In  abstracting  these  reports  we  have  selected  at  random 
characteristic  studies  which  would  illustrate  the  method  pur- 
sued in  the  investigations.  We  have  not  made  any  attempt 
at  all  to  select  studies  for  direct  compuison  with  any  specific 
American  condition.  In  interpreting  these  results,  the  above 
qualifications  should,  therefore,  be  kept  in  mind. 

The  reports  are  quite  uniform  in  character  and  contain  in 
general  the  following  data: 

I.  Maps  showing  the  location  and  extent  of  the  tram- 
way, water  pipe  and  gas  pipe  systems,  location  of  the 
generating  station  or  stations,  points  of  connection  of  the 
supply  and  return  feeders. 

II.  Soil — ^kind  (clay,  sand,  loam,  etc.)  moisture  content, 
chemical  composition,  resistance  per  cubic  meter. 

III.  Pavements — (in  some  cases  only). 

IV.  Piping  systems — both  water  and  gas  pipes.  Total 
length,  diameter,  material,  age,  depth  below  surface,  kind 
of  joints,  resistance  of  pipe  only  and  of  pipe  including 
joints. 

V.  Tramway  system. 

(a)  General^  details  of  ownership  and  operation,  car 
schedule,  maximum  and  average  loads. 

(b)  Track  and  rails — total  miles  of  single  and  double 
tracks,  gauge,  rail  profile  and  cross  section,  standard 
length,  resistance  of  rail  alone  and  including  bonds. 

(c)  Rail  bonds  and  cross  bonds,  type,  cross  section,  per 
cent  increase  in  rail  resistance  caused  by  bonds. 

(d)  Feeders,  both  supply  and  return  feeders — length 
each,  cross  section,  total  weight  of  copper,  current — ^maxi- 
mum  and  average,  return  feeders  bare  or  insulated  and 
with  or  without  regulating  resistance. 

VI.  Tests. 

(a)  Voltage  between  pipes  and  rails,  maximum,  mini- 
mum and  average,  with  polarity,  determined  at  numerous 
points  on  the  system. 

(b)  Voltage  drop  per  kilometer  on  pipes  and  on  rails 
and  calculated  current  flowing  on  pipes. 

(c)  Determination  by  means  of  telephone  wires  of  the 
relative  potential  of  various  points  on  the  piping  and  on 
the  rail  systems. 

VII.  Excavations  in  likely  places  to  determine  the  ex- 
istence and  extent  of  the  electrolytic  damage. 

VIII.  Plates  accompany  the  reports,  giving  graphically 
many  of  the  above  data,  frequently  on  transparent  paper 
so  that  when  placed  over  the  city  map  the  details  of  streets, 
railroads,  etc.  can  be  observed.  C^  r\r\r^\o 
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Reasoning  from  the  data  contained  in  the  body  of  the  report, 
recommendations  are  made  for  improving  conditions,  some- 
times accompanied  by  an  estimate  of  cost.  In  some  cases  a 
supplementary  report  is  made  which  shows  the  conditions  after 
the  changes  recommended  had  been  made,  in  whole  or  in  part* 

99.  General  Comments  on  Reports.  The  electrol3rsis  troubles 
in  all  cases  were  confined  to  a  few  localities,  and  in  no  case  was  the 
yearly  cost  of  repairs  of  such  amount  that,  on  the  surface,  would 
justify  large  expenditure  of  money  for  improvements.  The  Com- 
mission, however,  while  recognizing  the  importance  of  the 
financial  aspect  of  the  problem,  still  recommended  the  adoption 
of  the  relatively  expensive  remedies  for  the  reason  they  state 
"that  the  repairs  will  certainly  become  more  frequent  with 
lapse  of  time,  and  besides  the  increased  expense  so  caused, 
there  is  the  liability  of  service  interruption,  disturbance  of 
traffic,  pavement  replacement  and  even  danger  of  explosion 
to  be  considered." 
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V.  BIBLIOGRAPHY 
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No.  32.  Special    Studies    in    Electrolysis    Mitigation,    No.    2, 

Electrolysis  from  Electric  Railway  Currents  and  its 

Prevention — Experimental    Test    on    a    System    of 

Insulated  Negative  Feeders  in  St.  Louis. 
No.  52.  Electrolysis  and  Its  Mitigation. 
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Philadelphia,   Pa.,   1911. 

Famham,  Isiah  H.  "Destructive  Effect  of  Electric  Currents 
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This  article  is  of  particular  interest,  in  that  it  shows  that 
at  a  very  early  date  the  value  of  the  insulated  negative  feeder 
system  as  a  means  of  .mitigating  electrolysis  was  recognized. 
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1167,  1912. 
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"Electrolysis  from  Stray  Electric  Currents,"  Proc.  New 
England  Association  of  Gas  Engineers,  1913. 

This  paper  treats  the  subject  in  a  popular,  but  nevertheless 
scientifically  correct  manner,  and  leads  to  the  conclusion  that 
the  insulated  negative  feeder  system  is  the  logical  one  to  employ 
for  the  purpose  of  mitigating  electrolysis. 

"Effects  of  Electrolysis  on  Engineering  Structures,'*  Trans. 
Inter.  Eng.  Congress,  San  Francisco,  Cal.,  1915. 

This  paper  gives  a  review  of  electrolysis  conditions  and  of 
mitigating  methods  in  America  with  a  brief  statement  of  the 
electrolysis  situation  in  Europe. 

Haber,  F.,  and  Goldschmidt,  F.  "Der  Anodische  Angriff 
des  Eisens  Durch  Vagabundierende  Strome  im  Erdreich  und 
die  Passivitat  des  Eisens."  (The  Corrosion  of  Iron  by  Stray 
Currents  in  the  Ground  and  the  Passivity  of  Iron.)  Zeitschrift 
fur  Electrochemie,  January  26,  1906.     Breslau. 

A  paper  of  considerable  scientific  value,  particularly  with 
respect  to  the  electrochemistry  of  the  subject.  In  so  far  as 
is  known  no  English   translation  exists. 

Harper,  Robert  B.  "Comparative  Values  of  Various  Coal- 
ings and  Coverings  for  the  Prevention  of  Soil  and  Electrolytic 
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Corrosion  of  Iron  Pipe,"  Proc.  Illinois  Gas  Association,  Vol. 
5,  1909. 

A  paper  based  upon  a  rather  elaborate  series  of  tests  carried 
out  in  a  thoroughly  scientific  manner  on  many  coatihgs  and 
coverings,  leading  to  the  conclusion  that  no  coatings  or  cover- 
ings are  of  permanent  value  in  positive  areas.  Of  all  coatings 
investigated,  dips  of  coal  tar  pitch  applied  hot,  were  found  to 
be  best.     Paints  were  found  to  be  practically  useless. 

Hayden,  J.  L.  R.  "Alternating-Current  Electrolysis,*'  Trans, 
A.  I.  E.  E.,  1907.     Vol.  26,  Part  I. 

A  report  of  a  laboratory'-  investigation  tending  to  show  that 
alternating  current  electrolysis  is  small  as  compared  with  direct 
current  electrolysis.  The  tests  also  bring  out  the  inhibiting 
effect  of  the  superposition  of  a  small  direct  current. 

Jackson,  Dugald  C.  "Corrosion  of  Iron  Pipes  by  Action  of 
Electric  Railway  Currents."  Journal  of  Association  of  En- 
gineering Societies,  September,  1894. 

An  account  of  some  early  laboratory  investigations  carried 
out  at  the  University  of  Wisconsin,  in  which  it  was  definitely 
proven  that  corrosion  due  to  electrolysis  could  take  place  at 
very  low  voltages — considerably  lower  voltages  than  are  re- 
quired to  decompose  water. 

Michalke,  Carl.  "Stray  Currents  from  Electric  Railways." 
Translated  and  edited  by  Otis  Allen  Kenyon,  McGraw  Publish- 
ing Company,  New  York  City,  1906. 

A  relatively  non-mathematical,  though  scientific  and  valu- 
able treatment  of  the  subject. 

Rhodes,  George  I.  "Some  Theoretical  Notes  on  the  Re- 
duction of  Earth  Currents  from  Electric  Railway  Systems,  by 
Means  of  Negative  Feeders.**  Trans.  A.  I.  E.  E.,  Vol.  XXVI, 
p.  247,  1907. 

A  mathematical  paper  showing  quantitatively  the  difference 
in  effectiveness  of  copper  paralleling  the  rails  and  insulated 
negative  feeders  in  reducing  stray  currents. 

Schaffer,  Guy  F.  '*  Corrosion  of  Iron  Embedded  in  Con* 
Crete."    Engineering  Record,  July  30,  1910. 

This  is  a  report  of  a  seri^  of  tests  made  at  the  Massachusetts         ^ 
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Institute  of  Technology,  carried  out  with  the  view  of  obtain- 
ing some  data  on  the  effect  of  currents  of  low  potential  on  steel 
embedded  in  concrete.  The  study  included  the  effect  on  steel 
in  both'  the  stressed  and  unstressed  condition,  also  the  effect 
of  setting  cement  on  paint  films.  It  was  shown  (a),  that  con- 
crete does  not  act  as  an  insulator;  (b),  that  iron  under  stress 
does  not  go  into  solution  as  rapidly  as  unstressed  iron;  and 
(c),  that  the  paints  used  to-day  for  structural  work  embedded 
in  concrete  do  not  fulfill  the  conditions  of  proper  protection 
from  electrolytic  action,  and  it  is  doubtful  whether  they  are 
of  use  for  protection  in  any  sense  after  a  lapse  of  some  months. 

Sever,  George  F.  "Electrolysis  of  Underground  Conductors." 
Trans,  International  Electrical  Congress,  St.  Louis,  Vol.  3, 
p.  666.  1904. 

This  is  a  summary  in  tabular  form,  consisting  of  street  rail- 
way practice,  municipal  reports,  ordinances  and  letters  in  force 
in  the  United  States  at  the  time  the  report  was  prepared,  1904. 
The  discussion  which  followed  the  presentation  of  this  report 
is  of  interest.  • 

Stone,  Charles  A.  and  Howard  C.  Forbes.  "Electrolysis  of 
Water  Pipes."  New  England  Water  Works  Association,  Vol. 
9,  1894-95. 

This  is  the  report  of  the  results  of  an  investigation  of  elec- 
trolysis conditions  in  Boston.  It  is  one  of  the  best  early  papers 
on  the  subject.     The  discussion  of  this  paper  is  interesting. 

Topical  Discussion  on  Electrolysis.  Proc.  New  England 
Water  Works  Association,   Vol.  XX,   1905. 

This  is  the  report  of  a  discussion  entered  into  by  various 
New  England  Water  Works  superintendents.  Several  phases 
of  the  discussion  are  instructive. 
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VI.  APPENDICES. 
100.  Resistance  of  Standard  Cast  Iron  Pipe. 

Note:  The  values  given  in  this  table  are  for  one  assumed  specific  re- 
sistance for  cast  iron,  wrought  iron  and  steel,  respectively.  For  exceed- 
ingly accurate  work,  measures  should  be  taken  to  determine  the  actual 
specific  resistance  of  the  metal  under  test.  Experience  has  shown  that 
this  may  vary  widely  from  that  assumed  in  the  tables;  in  other  words, 
the  table  values  can  only  be  used  for  approximate  results  unless  definite 
information  is  at  hand  as  to  the  specific  resistance  of  the  metal  under  test. 

From  pages  379  and  386,  1913,  Proceedings  American  Electric 
Railway  Engineering  Association, 

TABLE    FOR    DETERMINATION    OF    CURRENT    FLOW    ON 
PIPING  FROM   MILLI-VOLT   DROP  ALONG  CONTINUOUS 
LENGTH    OF    PIPE    BETWEEN    JOINTS. 

L  =  Distance  between  contacts  in  feet 
E  *■  Instrument  reading  in  milli-volts, 
K  "  Constant  from  table. 

KE         ^  ^       . 

— T-    ■■  Current  flow  in  amperes. 

TABLE  9 

STANDARD  CAST  IRON   PIPE. 

(Based  on  a  resistance  of  0.00144  ohm  per  lb.  ft.) 


Classification 

Actual  Dimensions 

K  "cunent 

*Amo< 

Weight 

for  one  milli- 

Nomi- 

cU. 

ClaM 

per  ft. 

volt  drop 

nal. 

tion 

Let- 

Head 

Pnas. 

Outs. 

Int. 

exclu- 

per ft.  of 

Dia.in. 

Stand- 

tert 

PMt 

Iba.  per 

dia. 

dia. 

sive  of 

continuous 

anl 

■Q.  in. 

in. 

in. 

hub-lb. 

pipe. 

N 

A 

4.80 

4.12 

14.0 

10.3 

N 

C 

. . . 

4.80 

4.08 

15.7 

10.0 

N 

B 

... 

4.80 

4.02 

16.0 

11.7 

G 

4.80 

4.00 

17.2 

12.0 

W 

A 

100 

43 

4.80 

3.96 

18.0 

12.5 

N 

G 

... 

... 

6  00 

4.16 

18.0 

18.1 

N 

I 

5.00 

4.10 

20.0 

18.0 

W 

B 

200 

M 

5.00 

4.10 

20.0 

18.0 

N 

K 

5.00 

4.04 

21.8 

14.8 

*W  —  American  Water  Works  Association  Standard. 
N  -  New  England  Water  Works  Association  Standard. 
G  —  American  Gas  Institute  Standard. 

t  *  As  used  by  the  American  Water  Works  Association  and  the  New  Bngland  Water 
Works  Assoeiation. 
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TABLE    FOR    DETERMINATION    OF  CURRENT  FLOW  ON  STANDARD  CAST 

IRON  PIPE  FROM  MILLI-VOLT    DROP    ALONG    CONTINUOUS    LENGTH    OF 

PIPE    BETWEEN    JOINTS.     {Continued.) 


Classification 

Actual  Dimensions 

■ 

K.  ■^ciiTTen^ 

•Asso- 

Weight 

for  one  milli-l 

Nomi- 

cia- 

per  ft. 

volt  drop 

nal. 

t«on 

Class 

Head 

Press. 

Outs. 

Ins. 

excla- 

per  f  t.  o£ 

Dia.in. 

Stand- 

Letter 

Feet 

lbs.  per 

dia. 

dia. 

sive  of 

continuons 

1 

ard 

t 

sq.  in. 

in. 

in. 

hub-lb. 

pipe. 
Amperes. 

4 

W 

C 

300 

180 

6.00 

4,04 

21.3 

14.8 

4 

W 

D 

400 

173 

6.00 

8.96 

22.8 

15.8 

6 

N 

A 

6.90 

6.14 

24.3 

16.9 

6 

N 

C 

6.90 

6.06 

26.7 

18.6 

6 

G 

6.90 

6.04 

27.2 

18.9 

6 

W 

A 

100 

43 

6.90 

6.02 

27.8 

19.3 

6 

N 

E 

6.90 

6.98 

29.1 

20.2 

6 

W 

B 

200 

86 

7.10 

6.14 

31.1 

21.6 

6 

N 

G 

7.10 

6.10 

32.4 

22.5       1 

6 

W 

C 

800 

130 

7.10 

6.08 

32.9 

22.8       ' 

6 

N 

I 

7.10 

6.02 

34.8 

«.2       1 

6 

W 

D 

400 

173 

7.10 

6.00 

36.3 

24.6 

6 

W 

E 

600 

217 

7.22 

6.06 

37.7 

26  2       1 

6 

w 

F 

600 

260 

7  22 

6.00 

39.6 

27.4 

6 

w 

G 

700 

304 

7.38 

6.08 

42.8 

29.7 

A 

w 

H 

800 

347 

7  38 

6  00 

45.2 

31*        , 

8 

N 

A 

9.06 

8.21 

36  5 

24.7 

8 

G 

9.05 

8.16 

37.9 

26.3 

8 

W 

A 

100 

43 

9.05 

8.13 

38.7 

26.0 

8 

N 

C 

9.06 

8.09 

40.3 

28.0        1 

8 

W 

B 

200 

86 

9.05 

8.03 

42.7 

29.6 

8 

N 

B 

9.05 

7.99 

44  3 

80.7 

8 

W 

C 

300 

130 

9.30 

8.18 

47.9 

33.3 

8 

N 

G 

9.30 

8  14 

49.6 

34.6 

8 

W 

D 

400 

173 

9.30 

8.10 

61.2 

85.5 

8 

N 

I 

9.30 

8.04 

53.6 

37  2 

8 

W 

E 

600 

217 

9.42 

8.10 

58  7 

30.4 

8 

w 

F 

600 

260 

9.42 

8  00 

60.6 

42  1        , 

1       8 

w 

G 

700 

304 

9.60 

8.10 

65.0 

45.1 

8 

w 

H 

800 

347 

9.60 

8.00 

69.0 

48.0 

10 

N 

A 

11.10 

10  16 

49  0 

34  0 

10 

G 

11.10 

10.12 

51  0 

35.4 

10 

N 

B 

11.10 

10.10 

51  9 

36.1 
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TABLB      FOR    DETERMINATION    OP  CURRENT  FLOW  ON  STANDARD  CAST 
IRON    PIPE  FROM  MILLI-VOLT    DROP    ALONG    CONTINUOUS    LENGTH    OP 
PIPE    BETWEEN    JOINTS.     (jCofitinued  > 


Classification 

Actual  Dimensions 

/iC -current 

•Asso- 

Weight 

for  one  milli- 

Nomi- 

cia- 

per ft. 

volt  dxop 

nal. 

tion 

Class 

Head 

Press. 

Outs. 

Ins. 

exclu- 

pe:  ft.  of 

Dia.in.  J 

Stand- 

Letter 

Feet 

lbs.  per 

dia. 

aia. 

sive  of 

continuous  | 

ard 

t 

sq.  in. 

in. 

in. 

hub-lb. 

pipe. 
Amperes. 

1 

I       10 

W 

A 

100 

43 

11.10 

10.10 

61.9 

36.1 

10 

N 

C 

11.10 

10.04 

54.9 

38.1 

10 

N 

D 

11.10 

0.98 

57.9 

40.2 

10 

W 

B 

200 

86 

11.10 

0.96 

58.9 

40.9 

10 

N 

E 

11.40 

10.20 

63,6 

44.1 

1   " 

W 

C 

300 

130 

11.40 

10.16 

65.6 

46.5 

1    '0 

N 

F 

11.40 

10.14 

66.6 

46.2 

10 

N 

G 

11.40 

10.06 

70.6 

49.0 

10 

W 

D 

400 

173 

11.40 

10.04 

71.5 

49.7 

10 

N 

H 

11.40 

10.00 

73  6 

51.1 

10 

W 

E 

600 

217 

11.60 

10.12 

78.7 

64.6 

1     10 

w 

F 

600 

260 

11.60 

10.00 

84.6 

68  8 

;   10 

w 

G 

700 

304 

11.84 

10.12 

92.4 

64.1 

1     10 

w 

H 

800 

347 

11.84 

10.00 

98.5 

68.4 

1   1^ 

N 

A 

13.20 

12.22 

61.1 

42.6 

12 

N 

B 

13.20 

12.14 

66.9 

46.7 

12 

G 

•• 

... 

13.20 

12.12 

67.0 

46.5 

12 

W 

A 

100 

43 

18.20 

12.12 

67.0 

46.5 

12 

N 

C 

13.20 

12.06 

70.6 

49.0 

12 

N 

D 

13.20 

11.98 

75.3 

52.3 

12 

W 

B 

200 

86 

13.20 

11.96 

76.4 

63.0 

12 

N 

E 

13.50 

12.20 

81.9 

66.8 

12 

W 

C 

300 

130 

13.50 

12.14 

85.5 

59.4 

12 

N 

F 

13.50 

12.12 

86.6 

60.2 

12 

N 

G 

13.50 

12.04 

91.6 

63.6 

12 

W 

D 

400 

173 

13.60 

12.00 

03.8 

65.1 

i   n 

N 

H 

13.50 

11.96 

96.2 

66.8 

12 

W 

E 

500 

217 

13.78 

12.14 

104.0 

72  3    ; 

u 

w 

F 

600 

260 

13.78 

12.00 

112.0 

77.9       : 

!    12 

w 

G 

700 

304 

14.08 

12.14 

125.0 

86.7 

12 

w 

" 

800 

347 

14.08 

12.00 

133.0 

92.4 

1 

14 

N 

A 

15.30 

14.24 

76.8 

53.4 

14 

N 

B 

16.30 

14  16 

82  3 

57.1 

i     14 

W 

A 

100 

43 

15.30 

14.16 

82.3 

57.1 
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TABLK   FOR    DETERMINATION    OP   CURRENT  PLOW  ON  STANDARD  CAST 
IRON  PIPE  PROM  MILLI-VOLT   DROP  ALONG  CONTINUOUS  LENGTH 
OF  PIPE  BETWEEN  JOINTS.     {Continued.) 


1 

Classification 

Actual  Dimensions 

1 

K  « current 

♦Aa«,- 

Weight 

for  one  milli- 

Nomi- 

cia. 

per  ft. 

volt  drop 

nal. 

tion 

Class 

Head 

Press. 

Outs. 

Ins. 

exclu- 

per ft.  of 

iDia.in. 

Stand- 

Letter 

Feet 

lbs.  per 

dia. 

dia. 

sive  of 

continuous 

1 

ard 

t 

sq.  in. 

in. 

in. 

hub-lb. 

pipe. 
Amperes. 

14 

N 

C 

15.30 

14.08 

87.9 

61.0 

1      14 

N 

D 

15.30 

13.98 

94.8 

65.8 

U 

W 

B 

200 

86 

15.30 

13.98 

94.8 

66.8 

1      14 

N 

E 

15.65 

14.25 

103.0 

71.4 

!      14 

W 

C 

300 

130 

15.05 

14.17 

108.0 

76.0       , 

1      ^^ 

N 

F 

... 

... 

15.65 

14.15 

109.0 

76.2 

'     14 

N 

G 

15.65 

14.07 

115.0 

80  0 

,      14 

W 

D 

400 

173 

15.65 

14.01 

119.0 

82.8 

!      14 

N 

H 

... 

15.65 

18.99 

121.0 

83.9 

14 

W 

B 

500 

217 

15.98 

14.18 

133.0 

92.4 

14 

w 

F 

600 

260 

15.08 

14.00 

145.0 

101  0 

i  14 

w 

G 

700 

304 

16.32 

14.18 

160.0 

111.0 

1  1* 

w 

H 

800 

347 

16  82 

14.00 

172.0 

120.0       ' 

16 

N 

A 

17.40 

16.30 

90.9 

63.1 

1      16 

N 

B 

17.40 

16.20 

98.9 

68.6 

16 

W 

A 

100 

43 

17.40 

16.20 

98.9 

68.6 

16 

G 

17.40 

16.16 

102.0 

70.7 

16 

N 

C 

17.40 

16.10 

107.0 

74.1 

1  " 

N 

D 

17.40 

16.00 

115.0 

79.6 

1 
16 

W 

B 

200 

86 

17.40 

16.00 

115.0 

79.6 

16 

N 

B 

17.80 

16  30 

125.0 

87.1 

16 

N 

F 

* . . 

17.80 

16.20 

133.0 

92.6 

16 

W 

C 

300 

130 

17.80 

16.20 

133.0 

92.6 

16 

N 

G 

17.80 

16.10 

141.0 

98.2 

16 

W 

D 

400 

173 

17.80 

16.02 

147.0 

102.3 

16 

N 

H 

17.80 

16.00 

149.0 

103.5 

16 

W 

E 

500 

217 

18.16 

16.20 

165.0 

114.6 

16 

W 

P 

600 

260 

18.16 

16.00 

181.0 

126.6 

16 

W 

G 

700 

304 

18.54 

16.18 

201.0 

189.6 

16 

W 

H 

800 

347 

18.54 

16.00 

215.0 

140.0 

1     18 

N 

A 

19  25 

18.11 

104.0 

72.6 

1     18 

N 

B 

19.25 

17.99 

115.0 

79.8 

1  '' 

W 

A 

100 

43 

19.50 

18.22 

118.0 

82.2 

18 

N 

C 

19.50 

18.12 

127.0 

88.6 

18 

N 

D 

19.50 

18.00 

188.0 

06  8 

18 

W 

B 

200 

86 

19.50 

18.00 

138.0 

06  8 
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TABLE  FOR  DETERMINATION   OP   CURRENT    PLOW  ON    STANDARD    CAST 
IRON    PIPE    PROM  MILLI-VOLT  DROP    ALONG    CONTINUOUS    LENGTH 
OP  PIPE  BETWEEN  JOINTS.     {Continued.^ 


Classification 

Actual  Dimensions 

K  -current 
for  one  milli- 

•Asw- 

Weight 

volt  drop 

Nomi- 

cia* 

Ins. 

per  ft. 

per  ft.  of 

nil. 

tion 

Class 

Head 

Press. 

Outs. 

dia. 

exdu- 

continuous 

Dia.in. 

Stand- 

Letter 

Peet 

lbs.  per 

dia. 

in. 

tive  of 

pipe. 

ard 
N 

t 

sq.  in. 

in. 

hub-lb. 

Amperes. 

18 

E 

19.70 

18.10 

118.0 

103.0 

18 

N 

P 

10.70 

17.08 

159.0 

110.4 

18 

W 

C 

800 

130 

19.92 

18.18 

162.0 

113.0 

18 

W 

D 

400 

173 

19.92 

18.00 

178.0 

123  8 

18 

W 

B 

500 

217 

20.34 

18.20 

202.0 

140.5 

18 

W 

P 

600 

260 

20  34 

18.00 

220.0 

152.6 

18 

W 

G 

700 

304 

20.78 

18.22 

245.0 

170.0 

18 

W 

H 

800 

3^17 

20.78 

18.00 

204.0 

183.8 

20 

N 

A 

21.30 

20.10 

122.0 

84.6 

20 

N 

B 

21.30 

19.98 

134.0 

93.0 

1     20 

W 

A 

100 

43 

21.60 

20  26 

187.0 

95.4 

20 

(; 

21.60  . 

20.24 

140.0 

97.0 

20 

N 

C 

21.60 

20.16 

147.0 

102.5 

^ 

N 

D 

21.60 

20.02 

161.0 

112.0 

i    ^ 

W 

B 

200 

86 

21.60 

20.00 

163.0 

113.0 

'     20 

N 

B 

21.90 

20.20 

176.0 

122.0 

20 

N 

P 

21.90 

20.06 

189.0 

131.0 

1     20 

W 

C 

300 

130 

22.06 

20.22 

191.0 

132.0 

20 

W 

D 

400 

173 

22.06 

20  00 

212.0 

148.0 

!     20 

W 

E 

500 

217 

2*64 

20.24 

241.0 

167.0 

20 

w 

P 

600 

260 

22.54 

20.00 

265.0 

184.0 

20 

w 

G 

700 

304 

23.02 

20.24 

295.0 

205.0 

20 

w 

H 

800 

347 

23.02 

20.00 

319.0 

221.0 

,     24 

N 

A 

25.40 

24.12 

156.0 

108.0 

24 

N 

B 

25.40 

23.96 

174.0 

121.0 

24 

G 

25.80 

24.28 

187.0 

180.0 

24 

W 

A 

100 

43 

25  80 

24.28 

187,0 

130.0 

24 

N 

C 

25  80 

24.20 

196.0 

136.0 

24 

N 

D 

... 

25.80 

24.04 

215.0 

149.0 

1  « 

W 

B 

200 

86 

25.80 

24.02 

217.0 

151.0 

'     24 

N 

B 

26.10 

21.20 

234.0 

163.0 

24 

N 

F 

20.10 

24  04 

253.0 

176.0 

24 

W 

C 

300 

130 

26.32 

24.24 

258.0 

179.0 

24 

W 

D 

400 

173 

26.32 

24  00 

286.0 

198  0 

24 

W 

B 

500 

217 

26.90 

24.28 

828.0 

228.0 

24 

W 

P 

600 

260 

26.90 

24  00 

862.0 

251.0 
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APPENDICES 


TABLE    FOR    DETERMINATION    OF    CURRENT  FLOW  0:\  STANDARD  CAST 

IRON  PIPE  FROM  MILLI  VOLT    DROP    ALONG    CONTINUOUS    LENGTH    OF 

PIPE    BETWEEN     JOINTS.     (Continued.) 


Classification 

Actual  Dimensions 

K  -current 
for  one  milli- 

•Abso- 

Weight 

volt  drop    ' 

Nomi- 

cia^ 

per  ft. 

per  ft    of   ■ 

nal. 

tion 

Class 

Head 

Press. 

Outs. 

Ins. 

exclu- 

continuous 

Dia.in. 

Stand- 

Letter 

Feet 

lbs.  per 

dia. 

dia. 

sive  of 

pipe. 

ard 

t 

sq.  in. 

in. 

in. 

hub-lb. 

Amperes. 

1 

30 

N 

A 

31.60 

30.18 

216  0 

149.0 

30 

N 

B 

31.60 

29.98 

245  0 

170.0 

30 

G 

31.74 

30.04 

257  0 

179.0 

1     30 

W 

A 

100 

43 

31.74 

29  98 

26r..o 

185  0 

1     30 

N 

C 

32.00 

30.18 

277  0 

192  n 

30 

N 

D 

32.00 

29.98 

303  0 

213.0 

30 

W 

B 

200 

80 

32.00 

29.94 

312  0 

217.0       i 

30 

N 

E 

32.40 

30.20 

337.0 

231.0 

30 

N 

F 

32.40 

30.00 

3n7  0 

265.0 

30 

W 

C 

300 

130 

32.40 

30.00 

367  0 

255.0       1 

30 

W 

D 

400 

173 

32  74 

30.00 

422  0 

29-2  0 

30 

w 

E 

600 

217 

33.10 

30  00 

479  0 

333.0 

30 

w 

F 

600 

2G0 

33.46 

30  00 

537.0 

373.0 

36 

N 

A 

37.80 

36.22 

287.0 

199  0 

36 

N 

B 

37  80 

30.00 

326.0 

226.0 

36 

G 

37.96 

36.06 

315.0 

239  0 

36 

W 

A 

100 

43 

37.96 

36.98 

358.0 

248.0 

36 

N 

C 

38.30 

30.26 

373  0 

259.0 

36 

N 

D 

38.30 

36.04 

412.0 

286.0       ! 

36 

W 

B 

200 

86 

38.30 

36.00 

418  0 

200.0 

36 

N 

E 

38.70 

36.20 

459.0 

319.0 

36 

W 

C 

300 

130 

38.70 

35  98 

497.0 

346.0 

86 

N 

P 

38.70 

35.96 

502.0 

349  0 

36 

W 

D 

400 

173 

39.16 

36.00 

5S1.0 

404  0 

36 

w 

E 

500 

217 

30  60 

36.00 

666.0 

403  0 

86 

w 

F 

600 

260 

40  04 

36.00 

753.0 

523.0 

42 

N 

A 

44.00 

42.26 

368  0 

256.0 

42 

N 

B 

44  00 

42  00 

422.0 

293.0 

42 

G 

44  20 

42  00 

452.0 

314.0 

42 

W 

A 

100 

43 

44  20 

42.00 

405  0 

323  0 

42 

N 

C 

44.60 

42  24 

480  0 

3»3  0 

42 

N 

D 

44.50 

41  96 

538  0 

374.0       1 

42 

W 

B 

200 

86 

44.60 

41.94 

542  0 

37ii  0 

42 

N 

E 

45.10 

42  30 

600.0 

416.0 

42 

N 

F 

46.10 

42.04 

651  0 

461.0 
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TABLE    POR    DETERMINATION    OF    CURRENT  FLOW  ON  STANDARD  CAST 

IRON   PIPE  FROM  MILLI-VOLT    DROP    ALONG    CONTINUOUS    LENGTH    OF 

PIPE  BETWEEN  JOINTS.     {Continued.) 


Classification 

Actual  Dime.nsions 

K  —current 
for  one  milli- 
volt drop 
per  ft.  of 
continuous 
pipe. 
Arai^rcs. 

Nomi- 
nal 
dia.in. 

•Asso- 
cia- 
tion 

Stand- 
ard 

Class 

Letter 

t 

Head 
Feet 

Press, 
lbs.  per 
sq.  in. 

Outs, 
dia. 
in. 

Ins. 
dia. 
in. 

Weight 
per  ft. 
exclu- 
siv*»  of 
liub-lb. 

42 
42 

W 
W 

C 
D 

300 
400 

130 
173 

46.10 
46  58 

42.02 
42  02 

667  0 
763  0 

466.0 
630  0 

48 
48 
48 

N 
N 

N 

A 
B 
C 

60.20 
60.20 
60.80 

48  30 
18  00 
48  30 

450  0 
529.0 
608.0 

319.0 
367  0 
422  0 

48 

.1 

G 
W 
N 

A 
D 

100 

43 

60  60 
60.50 
60.80 

47  98 
47.98 

48  00 

008.0 
008  0 
678.0 

422.0 
422  0 
471  0 

48 
48 
48 

W 
N 
N 

H 
E 
F 

200 

86 

60  80 
61.40 

61  40 

47  90 
48.30 

48  00 

C80  0 
757.0 
828  0 

1 
477.0 
626  0 
675.0 

48 
48 

W 
W 

C 
D 

300 
400 

130 
173 

61.40 
61.08 

47.98 
48  06 

832  0 
961.0 

678.0 
667.0       1 

64 
61 
64 

N 
N 
W 

A 

B 
A 

100 

43 

66.40 
56.40 
66.66 

64  31 
64  00 
63.96 

559.0 
650.0 
731  0 

388-0       ! 
462.0 
508.0       > 

64 
64 
64 

N 
N 
W 

C 
D 
B 

200 

86 

67  10 
67.10 
67  10 

64.36 
64.02 
64.00 

750.0 
840.0 
845.0 

.Wl.O 
583.0 
580.0 

64 
64 

N 
N 

E 
F 

57.80 
67.80 

64.26 
64.00 

946.0 
1041.0 

657.0       1 
723.0 

64 
64 

W 

w 

C 
D 

300 
400 

1.30 
173 

57.80 
58  40 

64.00 
63.94 

1041.0 
1230. 0 

723  0       ' 
854.0 

60 
60 
60 

N 
N 
W 

A 
B 
A 

100 

43 

r,2.fi0 
62.60 
62  80 

60  40 
60.00 
60  02 

664.0 
782.0 
836.0 

460  0 
W3.0 
681  0 

60 
60 
60 

N 

W 

N 

C 
B 
D 

200 

86 

63.40 
63  40 
63.40 

60  40 
60  06 
00.00 

910.0 
1010.0 
1028.0 

632.0 
701.0 
714.0 

60 
60 

N 
W 

E 
C 

300 

130 

64  20 
64.20 

<J0.40 
60.20 

UCO.O 
1220.0 

803.0 
818.0 

60 
60 

N 
W 

F 
D 

400 

173 

64.20 
64  82 

60  00 
60.06 

1280.0 
1455.0 

8S9.0 
1010.0 

72 
72 
72 

W 

w 
w 

A 
B 

100 
200 
300 

43 

86 
130 

75  34 
70.00 
70.88 

72.08 
72  10 
72.10 

1178.0 
1416.0 
1746  0 

819.0 
983  0 
1212.0 

84 
84 

w 
w 

A 

B 

100 
200 

43 
86 

87  54 

88  54 

84.10 
84.10 

1445.0 
1878.0 

1005.0 
1301  0 
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APPENDICES 


101.    Resistance  of  Standard  Steel  or  Wrought  Iron  Pipe. 

TABLE  10 
STANDARD  STEEL  (Or  Wrought  Iron)  PIPE. 
(Based  on  Resistance  of  steel  0.00021  ohms  per  lb.   ft.     Based    on    re- 
sistance of  wrought  iron  0.000181  ohm  per  lb.  ft.) 


Nomi- 
nal 
dia.  in. 

Classifi- 
cation 

Actual  Dimensions 

Weight 
per  ft. 
plain  ends- 
steel-lb. 

K  -current  for  one  millivolt  '. 
drop  i>er  ft.  of  continuous    ' 

OuUide 

diameter 

inches 

Inside 

diameter 

inches 

pipe-amperes. 

i 

Steel 

W^roQsht  iron  | 

1/8 
1/8 

S 
X 

0.406 
0.405 

0.200 
0.215 

0.244 
0.314 

1.16 
1.50 

1.32 
1.70 

1/4 
1/4 

s 

X 

0.640 
0  540 

0.364 
0.302 

0.424 
0.635 

2.02 
2.55 

2.30 

2.«       1 

3/8 
3/8 

s 

X 

0.676 
0  676 

0.403 
0.423 

0.567 
0.738 

2.70 
3.61 

3.07 
4.00 

1/2 
1/2 
1/2 

s 

X 

XX 

0.840 
0  840 
0.840 

0.622 
0.546 
0.262 

0.850 

1.00 

1.71 

4.05 
6.18 
8.16 

4.60        ' 

5.88 
0.28 

8/4 
8/4 
3/4 

s 

X 
XX 

1.060 
1.060 
1.060 

0.824 
0.742 
0.434 

1.13 
1.47 
2.44      « 

5.38 
7.03 
11.6 

6.11       1 
7.08 
18.2 

1 
1 
1 

s 

X 

XX 

1.316 
1.316 
1.316 

1.040 
0.057 
0.500 

1.08 
2.17 
3.66 

7.00 
10.3 
17.4 

0.00       1 
11.8          1 

....     1 

1   1/4 
1   1/4 
1   1/4 

s 

X 
XX 

1.660 
1.660 
1.660 

1.380 
1.278 
0.806 

2.27 
3.00 
6.21 

10.8 
14.3 
24.8 

1 
12.3 
16.2 
28.2 

1   1/2 
1   1/2 

1   1/2 

s 

X 

XX 

1.000 
1.000 
1.000 

1.610 
1.500 
1.100 

2.72 
3.63 
6.41 

12.0 
17.3 
30.5 

14.7 
10.6 
34.7 

2 

2 
2 

s 

X 
XX 

2  375 
2.376 
2.376 

2.067 
1.030 
1.503 

3.65 
5.02 
0.03 

17.4 
23.0 
48.0 

10.8 
27.2 
48.8 

2  1/2 
2  1/2 
2  1/2 

s 

X 

XX 

2.876 
2.876 
2.876 

2.460 
2.323 
1.771 

5.70 

7.66 

13.60 

27,6 
36.6 
66.2 

31.4          ' 

41.6 

74.2 

8 
3 
3 

s 

X 

XX 

3.600 
3.600 
3.500 

3.068 
2.000 
2.300 

7.57 
10.2 
18.6 

36.0 
48.8 
88.6 

41.0 

56.6 

101.0 

3  1/2 
3  1/2 
3  1/2 

s 

X 
XX 

4.000 
4.000 
4.000 

3  518 
3.364 
2.728 

0.11 
12.5 
22.8 

43.4 

60.6 

100.0 

40.  S 
67.8 
124.0          1 

4 

4 
4 

s 

X 
XX 

4.500 
4.500 
4.600 

4.026 
3.826 
3.152 

10.8 
15.0 
27.6 

51.4 
71.3 

DiPteft  by  V 
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STANDARD  STEEL  (Or  Wrought  Iron)  PIPE.   Contiuusd. 


Classifi- 
cation 

Actual  Dimensions 

Weight 

per  ft, 

plain  ends- 

steel-lb. 

K  —current  for 

drop  per  ft.  o 

pipe-an 

one  millivolt 
f  continuous 

Nomi- 
nal 
dia.  in. 

Outside 

diameter 

inches 

Inside 

diameter 

inches 

iperes.              | 

Steel 

Wrought  iron 

4    1/2 
4    1/2 
4    1/2 

S 

X 

XX 

5.000 
6.000 
6.000 

4.606 
4.290 
8  680 

12.6 

17.6 
32.6 

69.8 

83.9 

166.0 

1 

67.9 
96.3 
176.0 

!   ft 
5 
5 

s 

X 
XX 

6.663 
6.663 
6.663 

6.047 
4.813 
4.063 

14.6 
20.8 
38.6 

69.7 
98.9 
183.0 

79.2 

112.0         i 
209.0 

6 
6 

8 

X 

XX 

6.626 
6.626 
6.626 

6.066 
6.761 
4.897 

19.0 
28.6 
63.2 

90.3 
136.0 
263.0 

108.0         1 
17S6.0         I 

288  0         1 

7 
7 

7 

s 

X 
XX 

7.626 
7.626 
7.626 

7  023 
6.626 
6.876 

23.6 
38.0 
63.1 

112.0 
181.0 
300.0 

127.0 
206.0 
342.0 

8 
8 

s 
s 

8.626 
8.626 

8.071 
7.981 

24.7 
28.6 

118.0 
136.0 

134.0 
166.0 

8 

8 

X 
XX 

8.626 
8.626 

7.626 
6.876 

43.4 
72.4 

206.0 
346.0 

236.0 
392.0 

8 
X 

9  626 
9.626 

8.941 
8.626 

33  9 
48.7 

161.0 
232.0 

1 
184.0 
264.0 

10 
10 

s 
s 

10.760 
10.760 

10.192 
10.136 

31.2 
34.2 

149.0 
163.0 

169.0 
186.0 

10 
10 

8 
X 

10.760 
10.760 

10.020 
9.760 

40.6 
64.7 

192.0 
261.0 

219.0 
297.0 

11 
11 

s 

X 

11.760 
11.760 

11.000 
10.760 

46.6 
60.1 

217.0 
280.0 

247.0 
326.0 

12 
12 

Il2 

I 

s 
s 

X 

.     12.760 
12  760 
12.750 

12.090 
12.000 
11.760 

43  8 
49.6 
66  4 

208  0 
236.0 
311.0 

237.0 
269  0 
364.0 

lis 

113 

s 

X 

14.000 
14  000 

13.250 
13.000 

64  6 
72  1 

260.0 
343  0 

296.0 
391.0 

14 
14 

s 

X 

16.000 
16.000 

14  260 
14.000 

68  6 
77  4 

279.0 
369.0 

317.0 
420.0 

15 
15 

s 

X 

16.000 
16.000 

16.260 
16.000 

62  6 
82.8 

298  0 
394.0 

339.0 
449.0 

S 

X 

XX 

•  Standard 
-  Extra  St 
■  Double  « 

I  pipe, 
ong  pipe, 
xtra  strong  pi 

pe. 

/- 
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102.  Resistance  of  Lead  Cable  Sheaths 


TABLE  11. 

TABLE  FOR  DETERMINING  CURRENT  ON  LEAD  CABLE  SHEATHS  FROM 
VOLTAGE  DROP  IN  MEASURED  LENGTH  OF  SHEATH. 
Resistivity.  1  ft.  length.  1  sq.  in.  sectional  area  *■  0.00010  ohm 


Outside 

Thick- 

Current 

OuUide 

Thick- 

Current 

diam.  of 

ness 

Resistance 

for  1 

diam.  of 

ness 

Resistance 

fori      . 

lead 

of  lead 

of  lead 

millivolt 

lead 

of  lead 

of  lead 

millivolt 

sheath 

sheath 

sheath 

per  ft. 

sheath 

sheath 

sheath 

per  ft. 

(in.) 

(64th  in.) 

(ohm  per  ft.) 

(amp.) 

(in.) 

(64th  in.) 

(ohm  per  ft.) 

(amp.) 

0.50 

4 

0.001163 

0.800 

2.00 

6 

0.0001781 

5.61 

0.50 

5 

0.000966 

1.036 

2.00 

7 

0.0001538 

6.50 

0.50 

6 

0.000836 

1.100 

2.00 
2   126 

8 

0.0001369 

7.36 

0.625 

4 

0.000906 

1.104 

6 

0.0001672 

5.98 

0.625 

5 

0.000745 

1.343 

2.126 

7 

0.0001443 

6.93     1 

0.625 

6 

0.000640 

1.663 

2.126 

8 

0.0001273 

7  86     ' 

0.75 

4 

0.000741 

1.360 

2.26 

6 

0.0001676 

6.35 

0.75 

6 

0.000606 

1.660 

2.25 

7 

0.0001369 

7.36 

0.75 

6 

0.000618 

1.931 

2.25 

8 

0.0001198 

8.36 

0.875 

4 

0.000627 

1.604 

2.375 

6 

0.0001488 

6.72     , 

0.875 

5 

0.000611 

1.967 

2.375 

7 

0.0001284 

7.79 

0.875 

6 

0.000436 

2.300 

2.376 

8 

0.0001132 

8.83     ' 

1.00 

5 

0.0004419 

2.263 

2.60 

7 

0.0001217 

8.22 

1.00 

6 

0.0003760 

2.668 

2.60 

8 

0.0001073 

9.32 

1.00 

7 

0.0003268 

3.061 

2.60 

9 

0.0000959 

10.43 

1.00 

8 

0.0002913 

3.437 

2.625 

7 

0.0001166 

8.65     1 

1.125 

5 

0.0003892 

2.660 

2.625 

8 

0.0001019 

9.81 

1.125 

6 

0.0003294 

3.037 

2.626 

9 

0.0000911 

10.98 

1.126 

7 

0.0002866 

3.401 

1.125 

8 

0.0002647 

3.926 

2.76 

7 

0.0001102 

9.08 

2.76 

8 

0.0000971 

10.30 

1.25 

6 

0.0003476 

2.876 

2.75 

9 

0.0000868 

11.53 

1.25 

6 

0.0002939 

3.404 

1.25 

7 

0.0002562 

3.918 

2.876 

7 

0.0001050 

9.51 

1.25 

8 

0.0002265 

4.416 

2.875 

8 

0.0000927 

10.79     , 

2.875 

9 

0.0000828 

12.08 

1.375 

5 

0.0003142 

3.183 

1 

1.376 

6 

0.0002650 

3.773 

3.00 

8 

0.0000887 

11.28     1 

1.375 

7 

0.0002299 

4.36 

3.00 

0 

0.0000792 

12.62 

1  375 

8 

0.0002038 

4.91 

3.00 

10 

0.0000716 

13.96     , 

1.50 

6 

0.0002416 
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AMERICAN   INSTITUTE  OF  ELECTRICAL  ENGINEERS 


REPORT  OF  THE  BOARD  OF  DIRECTORS  FOR  THE  FISCAL 
YEAR  ENDING  APRIL  30,  1916 


The  Board  of  Directors  of  the  American  Institute  of  Electrical  Engineers 
presents  herewith  to  the  membership  its  Thirty- Second  Annual  Report, 
for  the  fiscal  year  ending  April  30,  1916.  A  General  Balance  Sheet  show- 
ing the  financial  condition  of  the  Institute  on  April  30,  1916,  together  with 
other  financial  statements,  is  included  herein. 

The  Board  has  endeavored,  as  far  as  possible,  to  keep  the  membership 
informed  of  its  proceedings  by  publishing  monthly  in  the  Institute 
Proceedings  a  resume  of  the  business  transacted  at  each  meeting.  These 
notices,  however,  are  necessarily  incomplete,  as  many  important  matters 
are  considered  which  cannot  be  disposed  of  at  one  meeting  and  which 
must  be  held  over  for  future  consideration  and  action.  Eventually  such 
matters  are  dealt  with  in  subsequent  issues. 

Directors'  Meetings. — During  the  year  the  Board  of  Directors  held  10 
regular  meetings,  one  adjourned  meeting,  and  one  special  meeting.  The 
adjourned  meeting  was  held  on  December  11,  1915,  for  the  purpose  of 
considering  the  report  of  the  Constitutional  Revision  Committee.  •  The 
special  meeting  was  held  on  January  21,  1916,  for  the  purpose  of  acting 
upon  an  invitation  from  President  Wilson  to  President  Carty  to  nominate 
from  the  Institute's  membership,  candidates  for  appointment  by  the 
Secretary  of  the  Navy  upon  the  Organization  for  Industrial  Preparedness, 
referred  to  elsewhere  in  this*  report. 

Eleven  of  these  meetings  were  held  in  New  York,  and  one  in  Deer 
Park,  Md.,  during  the  Annual  Convention. 

Annual  Convention, — The  Thirty- Second  Annual  Convention  was  held 
in  Deer  Park,  Maryland,  June  29- July  2,  1915.  The  total  attendance 
was  202,  which  included  43  ladies.  Although  the  attendance  was  small, 
due  possibly  to  the  location  being  somewhat  remote  from  the  larger 
membership  centers,  the  convention  was  very  successful  from  a  technical 
and  social  standpoint.  Thirty-one  papers  were  presented  at  the  seven 
technical  sessions. 

Panama-Pacific  Convention. — The  Panama- Pacific  Convention  was 
held  in  San  Francisco  September  16-18,  1915.  It  was  arranged  chiefly 
to  provide  an  Institute  meeting  in  San  Francisco  for  Pacific  coast  members 
during  the  Panama- Pacific  Exposition  in  place  of  the  International  Elec- 
trical Congress,  which  had  been  scheduled  to  be  held  on  the  same  dates, 
but  which  had  been  postponed.  The  convention  was  unusually  successful. 
Three  hundred  and  fifty-five  members  registered,  of  which  a  considerable 
number  were  eastern  members  visiting  the  Exposition  and  attending 
the  International  Engineering  Congress.  Twenty-six  papers  were 
presented  on  a  variety  of  engineering  subjects. 

Midwinter  Convention,  New  York. — The  Fourth  Midwinter  Conven- 
tion was  held  in  New  York  on  February  8  and  9,  1916.  The  total  regis- 
tered attendance  was  671,  of  which  number  380  were  members.  The 
291  guests  included  175  ladies.  Eleven  papers  were  presented  and  four 
technical  sessions  were  held.  A  subscription  dinner-dance  was  held  at 
the  Hotel  Astor  on  the  evening  of  February  8,  which  was  attended  by  425 
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members  and  guests.  The  proceeds  from  the  sale  of  tickets  to  this  func- 
tion covered  all  of  the  expenses  and  provided  a  surplus  which  will  be 
available  towards  defraying  the  expenses  of  future  midwinter  social 
functions. 

Philadelphia  Meeting. — An  Institute  meeting  was  held  in  Philadelphia, 
Pa.,  on  October  11,  1915,  under  the  auspices  of  the  Philadelphia  Section. 
Three  papers  were  presented  and  the  total  attendance  was  200.  This  is 
the  third  annual  meeting  of  this  kind  to  be  held  in  Philadelphia  at  the 
opening  of  the  active  season. 

St.  Louis  Meeting. — On  October  19  and  20,  1915,  Institute  members  in 
the  middle  west  were  given  an  opportunity  to  attend  a  two-day  Institute 
meeting  which  was  held  in  St.  Louis,  Mo.,  under  the  auspices  of  the  St. 
Louis  Section,  on  the  occasion  of  the  100th  meeting  of  that  Section. 
Eleven  papers  were  presented,  and  the  total  attendance  was  201.  ^Mem- 
bers  of  the  Associated  Engineering  Societies  of  St.  Louis,  with  which  the 
Section  is  affiliated,  participated  in  this  meeting. 

Water  Power  Meeting,  Washington,  D.  C. — This  meeting  was  held 
in  Washington  on  April  26,  1916,  under  the  auspices  of  the  Washington 
Section  and  the  Committee  on  Development  of  Water  Power.  Five 
very  carefully  prepared  papers  were  presented  on  the  general  subject  of 
the  relation  of  water  power  to  the  industrial  advancement  of  the  country. 
Two-hundred  and  fifty  members  and  invited  guests  attended  the  meeting. 
National  Meeting,  May  16,  1916. — An  event  unique  in  the  history  of 
the  Institute  and  one  which  is  attracting  widespread  interest  will  take 
place  on  May  16,  1916.  This  is  a  National  Meeting  which  will  be 
held  simvdtaneously  through  the  medium  of  the  long  distance  tele- 
phone in  six  different  cities;  namely,  San  Francisco,  Chicago,  Atlanta, 
Philadelphia,  New  York  and  Boston.  The  purpose  of  the  meeting  is  to 
commemorate  the  achievements  of  Institute  members  in  the  fields  of 
communication,  transportation,  lighting  and  power.  Incidentally  it  is 
being  held  on  the  date  of  the  Annual  Meeting  of  the  Institute,  and  al- 
though the  business  coming  before  the  Annual  Meeting  will  be  transacted 
in  the  afternoon  at  the  business  meeting,  it  is  planned  to  reserve  a  part 
of  it  for  the  National  Meeting  in  the  evening. 

Other  Meetings. — In  addition  to  these  special  meetings,  held  in  various 
parts  of  the  country  for  the  benefit  of  the  membership  at  large,  eight 
regular  monthly  meetings  were  held  in  New  York,  with  an  average  attend- 
ance of  300. 

The  Sections  and  Branches  have  also  continued  active  and  have  held  a 
large  number  of  regular  monthly  meetings  as  shown  by  the  tabulated  state- 
ment in  the  report  of  the  Sections  Committee. 

President. — President  Carty  has  presided  at  all  meetings  of  the  Insti- 
tute held  during  the  year,  with  the  exception  of  the  meeting  in  St.  Louis, 
and  also  at  all  meetings  of  the  Board  of  Directors.  During  the  year  he 
has  attended  the  following  meetings:  Detroit,  September  9,  1915,  Joint 
Session  of  A.  I.  E.  E.  at  Convention  of  Association  of  Iron  and  Steel  elec- 
trical Engineers:  Panama-Pacific  Convention,  San  Francisco,  September 
16-18,  1916;  Institute  Meeting;  Philadelphia,  October  11,  1915;  Schenec- 
tady Section,  October  12,  1915;  Boston  Section,  October  13,  1915; 
Pittsburgh  Section,  December  4,  1915;  Ithaca  Section,  March  25,  1916; 
Water  Power  Meeting,  Washington,  April  26,  191%igj^i2gd  byGoOQle 
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International  Engineering  Congress. — The  International  Engineering 
Congress  has  already  received  such  wide  publicity  through  its  Committee 
of  Management  that  no  extended  reference  to  it  is  necessary  in  this  re- 
port. The  Institute  was  one  of  the  five  national  engineering  societies 
which  planned  the  Congress  and  which  was  interested  in  its  success.  It 
was  held  in  San  Francisco  on  the  dates  scheduled,  September  20-25, 
1915,  and  was  eminently  successful  in  every  way. 

The  total  registered  attendance  at  the  Congress  was  851,  of  which 
number  71  were  from  20  foreign  countries.  Fifty-two  technical  sessions 
were  held,  and  over  200  papers  were  presented  on  a  wide  range  of  engineer- 
ing subjects.  In  addition  to  the  registered  attendance  over  600  cards  of 
admission  were  issued  so  that  the  attendance  at  the  various  sessions  was 
well  over  1,500.  The  Committee  of  Management  is  still  acting,  princi- 
pally with  the  publication  and  distribution  of  the  volumes  of  the  trans- 
actions, which  it  is  estimated  will  be  in  the  neighborhood  of  10,000  to 
12,000.  A  full  report  will  be  submitted  by  the  committee  to  the  par- 
ticipating societies  in  the  near  future. 

National  Preparedness. — The  Institute  has  taken  an  active  part  in  a 
number  of  the  movements  which  have  been  organized  recently  in  the 
interest  of  adequate  national  preparedness.  Chief  among  these  are  the 
National  Engineer  Reserve,  the  Naval  Consulting  Board,  and  the  Organi- 
zation for  Industrial  Preparedness. 

National  Engineer  Reserve. — The  suggestion  for  the  organization  of  a 
National  Engineer  Reserve  was  first  made  early  in  1915,  and  shortly 
thereafter  a  joint  committee  was  formed  of  representatives  of  the  American 
Society  of  Civil  Engineers,  the  American  Society  of  Mechanical  Engi- 
neers, the  American  Institute  of  Mining  Engineers,  the  American  Institute 
of  Electrical  Engineers,  and  the  American  Institute  of  Consulting  En- 
gineers, to  cooperate  with  the  war  department  in  the  organization  of  such 
a  reserve.  The  members  of  this  committee  being  widely  separated  geo- 
graphically, making  full  attendance  at  meetings  difficult  and  impracticable 
a  smaller  working  committee  was  formed  consisting  of  the  five  chairman 
of  the  individual  committees  of  each  society  constituting  the  joint  com- 
mittee. This  arrangement  greatly  facilitated  the  work.  The  committee 
has  held  conferences  with  Major  General  Leonard  Wood,  officers  of  the 
General  Staff  of  the  U.  S.  Army  and  of  the  War  College,  and  with  the 
chairmen  of  the  House  and  Senate  legislative  committees  on  military 
affairs.  The  result  of  this  work  is  that  several  of  the  military  measures 
before  Congress  embody  provisions  for  an  Officers  Reserve  Corps  under 
which  the  engineers  of  the  country  may  take  service.  The  committee 
is  now  waiting  for  the  Navy  Department  to  formulate  its  plan  for  an 
increase  of  the  naval  forces,  and  as  soon  as  a  decision  has  been  reached 
by  that  Department,  the  committee  will  take  up  the  question  of  an  en- 
gineer reserve  for  the  Navy  similar  to  that  contemplated  for  the  Army. 

U.  S.  Naval  Consulting  Board. — On  July  19,  1915,  the  Institute  was 
invited  by  the  Hon.  Josephus  Daniels,  Secretary  of  the  U.  S.  Navy  Depart- 
ment, to  select  two  members  for  appointment  by  Secretary  Daniels  upon 
a  proposed  advisory  committee  to  be  presided  over  by  Mr.  Thomas  A.  Edi- 
son and  to  be  composed  of  men  recognized  throughout  the  country  for  their 
inventive  genius  and  engineering  achievements,  to  assist  the  Navy  Depart- 
ment, both  instructively  and  critically,  in  the  development  of  such  new>  t 
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ideas  for  naval  advance  as  might  be  presented  and  found  worthy  of  con- 
sideration. The  underlying  idea  was  to  make  available  the  latent  inven> 
tive  and  engineering  genius  of  our  country  to  improve  the  navy,  and  to 
bring  the  officers  of  the  service  into  more  intimate  contact  with  the  indus- 
trial resources  of  the  country.  Similar  invitations  were  extended  to  ten 
other  scientific  and  engineering  organizations.  The  two  members  officially 
selected  for  this  service  by  the  Institute  were  Mr.  Frank  Julian  Sprague, 
of  New  York,  and  Mr.  Benjamin  G.  Lamme,  of  Pittsburgh,  Pa.,  both  of 
whom  were  appointed  by  Secretary  Daniels  as  members  of  the  Naval 
Consulting  Board.  The  excellent  work  of  the  Board  has  already  re- 
ceived so  much  attention  from  the  public  press  that  no  further  statement 
regarding  it  is  necessary  in  this  report.  Recently  its  usefulness  has  been 
greatly  enlarged  by  the  organization  of  representatives  from  each  state 
in  the  Union  to  assist  in  the  work  of  collecting  data  regarding  the  manu- 
facturing resources  of  the  country. 

Organization  for  Industrial  Preparedness. — This  movement  was  in- 
augurated as  the  result  of  the  valuable  service  rendered  by  the  Naval 
Consulting   Board.     Its   purpose,   as   expressed  in   President   Wilson's 
letter  to  President  Carty  inviting  the  Institute  to  nominate  representatives, 
is  to  assist  the  Naval  Consulting  Board  in  the  work  of  collecting  data  for 
use  in  organizing  the  manufacturing  resources  of  the  country  for  the  public 
service  in  time  of  emergency.     The  Institute  was  invited  to  nominate,  for 
the  approval  of  the  Secretary  of  the  Navy,  a  representative  from  its 
membership  from  each  state  in  the  Union  to  act  in  conjunction  with  repre- 
sentatives of  the  American  Society  of  Civil  Engineers,  the  American  So- 
ciety of  Mechanical  Engineers,  the  American  Institute  of  Mining  En- 
gineers and  the  American  Chemical  Society.     At  the  call  of  President 
Carty  the  Board  of  Directors  of  the  Institute  held  a  special  meeting  on 
January  21,  1916,  to  act  upon  this  invitation,  and  at  this  meeting  Presi- 
dent Carty  was  empowered  to  select  the  nominees  on  behalf  of  the  Insti- 
tute.    A  list  of  these  nominees  was  subsequently  submitted  to  the  Secre- 
tary of  the  Navy  and  the  appointments  were  made.     The  state  repre- 
sentatives are  officially  known  as  the  State  Directors  of  the  Organization 
for  Industrial  Preparedness ^  and  A  ssociate  Members  of  the  Naval  Consvlting 
Board  of  the  United  States,  and  it  will  be  the  duty  of  these  directors  to 
make  a  canvass  of  the  industrial  establishments  in  their  respective  States 
and  have  them  fill  out  a  confidential  form  giving  in  detail  data  regarding 
their  manufacturing  and  producing  resources.     On  April  20,  1916,  Presi- 
dent Carty  issued  a  letter  to  all  Institute  members  in  the  United  States 
appealing  to  them  to  assist  in  the  work. 

Representatives. — In  addition  to  its  regular  representation  upon  the 
various  joint  committees  and  other  local  and  national  bodies  with  which 
it  has  been  affiliated  in  past  years,  the  Institute  has  ^Iso  appointed  special 
representatives  on  numerous  occasions  during  the  year  in  connection  with 
matters  of  interest  to  the  Institute  and  to  the  engineering  profession, 
especially  in  civic  affairs  and  matters  pertaining  to  legislation  affecting 
the  profession. 

Committees. — There  has  been  no  change  in  the  number  and  character 
of  the  standing,  technical  and  special  committees,  but  a  committee  has 
been  investigating  the  fields  of  the  respective  technical  committees,  and 

it  is  probable  that  there  will  be  some  additions  next  yeafT  With  one  or 
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two  exceptions  all  of  the  committees  have  been  more  or  less  active. 
Abstracts  of  the  reports  of  the  chairmen  of  many  of  the  Institute  commit- 
tees to  the  Board  of  Directors  are  included  herein  as  follows: 

Sections  Committee. — The  Sections  Committee  is  able  to  report  a 
gratifying  increase  in  ac*«vity  and  interest  on  the  part  of  the  Sections  and 
Branches  during  the  year. 

Although  the  number  of  meetings  has  not  greatly  increased,  the  attend- 
ance has  been  considerably  larger,  notwithstanding  the  fact  that  two  Sec- 
tions have  necessarily  been  inactive  during  the  present  year;  namely, 
Mexico  and  Toronto.     The  Toronto  Section  is  inactive  only  temporarily. 

Two  new  Sections  were  organized  during  the  year ;  one  at  Denver,  Colo., 
on  May  18,  1915,  and  the  other  at  Kansas  City,  Mo.,  on  April  14,  1916. 
The  Denver  Section  has  made  an  excellent  start  and  is  doing  good  work. 
The  Kansas  City  section  was  just  organized  a  month  ago  and  has  therefore 
not  yet  had  an  opportunity  to  become  active.  The  officers,  however, 
are  enthusiastic  and  the  Section  will  doubtless  be  of  great  usefulness 
to  the  membership. 

New  Branches  were  organized  at  the  Carnegie  Institute  of  Technology, 
Clarkson  College  of  Technology,  and  the  Brooklyn  Polytechnic  Institute. 

On  April  14,  1916,  the  Board  of  Directors,  acting  upon  the  recommenda- 
tion of  the  Sections  Committee  authorized  a  conference  of  Branch  dele- 
gates at  the  Annual  Convention,  similar  to  the  conference  of  Section  del- 
gates  which  of  late  years  has  become  such  a  prominent  feature  of  the  annual 
conventions.  It  was  considered  inexpedient,  however,  to  recommend 
that  the  transportation  expenses  of  the  Branch  delegates  be  paid  from  the 
Institute  treasury. 

In  accordance  with  Section  60  A  of  the  Institute  by-laws,  which  was 
adopted  upon  recommendation  of  the  committee,  the  Chairman  is  re- 
ceiving suggestions  of  questions  for  discussion  at  the  coming  conference 
of  Section  delegates  at  the  Cleveland  Convention. 

A  tabulated  table  showing  the  activity  of  the  Sections  and  Branches 
during  the  past  five  years  follows: 


I 


Sections 

Number  of  Sections 

Number  of  Section  meetings 
held 

Total  Attendance 

Branches 

Number  of  Branches 

Number  of  Branch  meetings 
held 

Attendance 


For  Fiscal  Year  Ending 


May  1 
1912 


28 

231 
19.800 


42 

281 

10.255 


May  I 
1913 


29 

244 
22.825 


47 

357 

11,808 


May  1 
1914 


30 

233 
22.626 


47 

306 

11.617 


May  1 
1915 


31 

246 
23,507 


52 

328 

12,712 


May  1 
1916 


32 

251 
28.553 


54 

360 

15.166 
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Meetings  and  Papers  Committee. — The  Meetings  and  Papers  Commit- 
tee has  held  regular  monthly  meetings  throughout  its  term  of  office,  at 
which  meetings  the  disposition  of  all  manuscripts  submitted  has 
been  attended  to  and  the  regular  Institute  meetings  and  conventions 
decided  upon.  In  addition  to  the  monthly  meetings  in  New  York, 
meetings  have  been  arranged  for  by  this  committee  in  St.  Louis,  Phila- 
delphia and  Washington.  The  Panama- Pacific  Convention,  the 
Midwinter  Convention,  the  Annual  Convention,  Cleveland,  and  the 
Pacific  Coast  Convention  at  Seattle,  have  also  been  arranged  for 
by  this  committee.  Following  its  practise  in  previous  years  all  manu- 
scripts which  have  been  submitted  have  first  been  passed  upon  by  one  of 
the  special  technical  committees  before  being  finally  acted  upon  by  the 
main  committee. 

Standards  Committee. — The  1915  edition  of  the  Standardization  Rules, 
representing  the  work  of  the  Standards  Committee  of  1914-1915,  was 
presented  to  and  approved  by  the  Board  of  Directors  at  the  Deer  Park 
Convention  meeting,  July  1,  1915.  The  revision  was  not  radical,  but 
rather  a  completion  and  clarification  of  the  radical  revision  of  December 
1,  1914. 

The  present  committee  has  held  monthly  meetings  for  the  con4dera- 
tion  of  amendments  and  additions.  The  work  has  been  largely  carried 
on  through  the  medium  of  20  sub-committees  charged  with  various  parts 
of  the  field,  whose  reports  have  been  reviewed  by  the  whole  committee. 
No  final  action  will  be  taken  on  the  proposed  amendments  until  the  May 
meeting,  which  will  probably  last  for  several  days. 

The  changes  to  be  considered  at  the  May  meeting  are  for  the  most  part 
not  radical,  although  they  constitute  distinct  improvements.  These  will 
be  presented  to  the  Board  of  Directors  at  the  Cleveland  Convention  in 
June,  and  if  approved  will  be  incorporated  in  the  1916  edition  which  will 
become  effective  on  August  1. 

In  order  to  insure  greater  continuity  of  policy  and  method  in  the  work 
of  the  Standards  Committee  from  year  to  year  the  committee  will  pre- 
sent to  the  Board  of  Directors  for  its  approval  a  set  of  by-laws  with  the 
recommendation  that  any  future  changes  thereto  can  be  made  only  with 
the  sanction  of  the  Board. 

During  the  year  a  number  of  additions  have  been  made  to  the  list  of 
cooperating  societies,  which  includes  several  foreign  societies. 

Code  Committee. — The  Code  Committee  has  continued  to  represent 
the  Institute  on  the  Electrical  Committee  of  the  National  Fire  Protection 
Association.  Only  one  meeting  was  held,  in  Boston,  and  nothing  trans- 
pired at  this  meeting  of  sufficient  importance  to  merit  special  mention. 

A  sub-committee  of  the  Code  Committee  spent  much  time  cooperating 
with  the  U.  S.  Bureau  of  Standards  during  the  year,  working  on  the  Na- 
tional Safety  Code  which  the  Bureau  is  formulating  and  which  it  expects 
to  issue  sometime  in  the  near  future.  This  was  a  continuation  of  the 
kind  of  work  carried  on  last  year,  and  represents  the  real  activity  of  the 
Code  Committee  for  the  year. 

Library  Committee. — The  united  libraries  of  the  founder  societies  and 
the  United  Engineering  Society  are  now  controlled  and  administered  as 
one  joint  library  by  the  Library  Board  of  the  United  Engineering  Society 
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under  an  agreement  which  took  effect  on  January  1,  1915,  and  in  accord- 
ance with  the  by-laws  of  that  society.  The  first  annual  report  of  the 
Library  Board,  for  the  year  1915,  was  issued  and  published  in  pamphlet 
form  in  January  1916.  A  synopsis  of  the  report  appeared  in  the  Institute 
Proceedings  for  February  1916.  It  includes  many  interesting  statistics 
of  the  accessions  to  the  library,  its  utilization,  its  finances,  and  a  list  of  the 
donors  of  books  and  pamphlets. 

Railway  Committee. — The  Railway  Committee  this  year  has  cooperated 
with  the  Standards  Committee  in  respect  to  the  revision  of  Rule  No.  418 
of  the  Standardization  Rules,  and  has  made  suggestions  regarding  the  rule 
for  incorporation  in  the  final  edition  of  the  Rules.  Some  consideration 
has  been  given  to  a  more  standard  terminology  for  electric  railway  de- 
vices and  the  standardization  of  voltages  for  railroad  purposes. 

Transmission  Committee. — The  Transmission  Committee  has  this 
year  continued  its  practise  of  securing  a  consensus  of  opinion  of  the  best 
informed  engineers  and  operating  men  on  some  selected  subject  or  sub- 
jects and  either  reproducing  or  digesting  the  material  for  the  benefit  of 
the  membership.  This  year  the  committee  will  make  reports  at  the  An- 
nual Convention  on  experiences  in  the  effect  of  altitude  in  the  operating 
temperature  of  electrical  apparatus,  and  in  the  use  of  the  grounded 
neutral  in  high  tension  systems. 

Electric  Lighting  Committee. — The  Electric  Lighting  Committee  has 
held  several  meetings  during  the  year  at  which  the  principal  subject  of 
discussion  was  the  arrangement  of  circuits  for  street  lighting  purposes. 
A  paper  on  this  subject  will  be  presented  at  the  Annual  Conventioo. 

Industrial  Power  Committee. — As  in  previous  years,  the  Industrial 
Power  Committee  cooperated  with  the  Sections  and  Branches  in  arrang- 
ing meetings  on  the  subject  of  industrial  power.  The  Cleveland  Section 
appointed  a  local  industrial  power  committee  and  later  a  considerable 
number  of  Sections  and  Branches  followed  its  example.  Each  Section  and 
Branch  was  requested  to  hold  at  least  one  meeting  during  the  year  on  the 
subject  of  industrial  power,  and  the  local  committees  were  of  great  assist- 
ance in  arranging  for  these  meetings.  The  Industrial  Power  Committee 
was  also  able  to  obtain  for  the  use  of  the  Sections  and  Branches  a  num- 
ber of  lantern  slide  lectures.  The  committee  has  been  assigned  one  ses- 
sion of  the  Annual  Convention.     Four  meetings  were  held  during  the  year. 

Electrochemical  Committee. — The  Electrochemical  Committee  has 
confined  its  work  to  efforts  to  obtain  suitable  papers  on  electrochemical 
subjects  which  the  committee  considered  might  be  of  general  interest  to 
the  membership.  The  committee  arranged  for  the  joint  meeting  with 
the  New  York  Section  of  the  American  Electrochemical  Society  held  in 
New  York  on  March  10,  1916. 

Electrophysics  Committee. — The  work  of  the  Electro  physics  Committee 
has  been  directed  chiefly  to  obtaining  and  reviewing,  for  the  Meetings  and 
Papers  Committee,  papers  on  subjects  relating  to  the  physical  theory 
underlying  the  application  of  electricity  to  electrical  engineering.  Six 
papers  have  thus  far  been  obtained  and  two  others  promised.  Of  the 
six,  three  have  already  been  presented,  one  will  be  presented  at  the  An- 
nual Convention,  and  two  will  be  offered  for  future  meetings. 
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Iron  and  Steel  Industry  Committee. — This  committee  has  arranged  for 
a  joint  session  between  the  A.I.E.E.  and  the  Association  of  Iron  and  Steel 
Electrical  Engineers,  for  Wednesday,  September  20,  1916,  during  the 
annual  convention  of  the  Association  to  be  held  in  Chicago,  September 
18-22,  1916. 

Committee  on  Use  of  Electricity  in  Mines. — A  session  of  the  Panama- 
Pacific  Convention  held  in  San  Francisco  in  September  1915  was  devoted 
to  mining  work  and  a  number  of  papers  were  presented  dealing  particularly 
with  metal  mine  problems.  Some  work  was  also  done  by  the  committee 
in  conjunction  with  the  U.  S.  Bureau  of  Mines  regarding  rules  for  elec- 
trical installation  in  mines,  but  owing  to  business  conditions  it  has  not 
been  possible  to  get  the  members  of  the  committee  together  for  a  thorough 
discussion  of  the  subject. 

Committee  on  Use  of  Electricity  in  Marine  Work. — The  work  of  this 
committee  has  been  directed,  first,  to  obtaining  papers  dealing  with  elec- 
trical installations  on  shipboard,  and,  second,  to  continuing  the  work 
carried  on  during  the  previous  two  years  in  securing  standard  rules  for 
various  types  of  marine  installations.  A  paper  on  this  subject  was  pre- 
sented at  the  Panama-Pacific  Convention,  and  several  papers  are  in  view 
dealing  with  auxiliary  power  plants  on  shipboard  for  lighting,  and  for 
power  for  radio  telegraph  sets  in  cases  of  emergencies. 

A  sub-committee  of  this  committee  is  now  at  work  in  conjunction  with 
Lloyds  and  the  American  Bureau  of  Shipping  in  an  endeavor  to  bring  up 
to  date  and  standardize  the  rules  of  the  various  building  and  insurance 
societies. 

Protective  Apparatus  Committee. — The  work  of  the  Protective  Appara- 
tus Committee  during  the  year  might  be  divided  into  five  categories,  as 
follows:  1.  An  endeavor  to  standardize  lightning  arresters  and  similar 
protective  devices.  2.  Consideration  and  discussion  of  the  factors  in- 
volved in  attempting  to  standardize  the  rating  of  oil  switches.  3.  An 
analysis  of  the  protective  problems  connected  with  relays,  split  conductor 
cables,  and  like  protective  means.  4.  Collection  of  data  on  partially 
solved  problems  relating  to  protective  devices  and  continuity  of  service 
in  the  transmission  of  electrical  energy.  5.  Presentation  of  data  in  the 
form  of  papers;  four  dealing  with  operating  experiences  with  protective 
devices,  three  on  pressing  problems  relating  to  line  insulators,  and  one  on 
the  theory  of  parallel  grounded  wires. 

Committee  on  Records  and  Appraisals  of  Properties. — The  geographical 
distribution  of  the  committee  has  made  it  necessary  to  carry  on  its  work 
through  the  medium  of  correspondence.  One  of  the  results  of  the  com- 
mittee's work  was  the  presentation  of  several  very  important  papers  on 
various  phases  of  appraisal  work  at  the  Panama- Pacific  Convention. 

A  considerable  number  of  conferences  have  been  held  by  members  of 
the  committee,  as  a  result  of  which  it  is  planned  to  present  at  the  October 
meeting  in  New  York  a  number  of  papers  on  appraisal  work  and  a  topical 
discussion  on  methods  of  keeping  inventories  and  appraisals  up  to  date. 

In  view  of  the  wide  variety  of  opinions  concerning  inventory  and  ap- 
praisal work,  the  committee  believes  that  it  is  not  wise  to  attempt  to 
present  anything  in  the  nature  of  a  complete  report  but  recommends  the 
continuance  of  the  committee  in  order  that  further  study  and  investiga- 
tion may  be  made  of  this  important  subject. 
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Educational  Committee. — The  Educational  Committee  has  decided 
to  begin  the  preparation  of  a  list  of  topics  suitable  for  advanced  study, 
research  and  invention  in  electrical  engineering.  This  was  considered 
to  be  a  piece  of  work  which  might  be  of  benefit  to  colleges  of  engineering, 
and  at  the  same  time  of  such  a  technical  nature  as  to  be  outside  of  the 
scope  of  activity  of  various  educational  associations.  It  is  felt  that  work 
of  this  kind  might  well  be  made  a  part  of  the  regular  duties  of  the  Educa- 
tional Committee  or  one  of  its  sub-committees.  The  committee  would 
thus  in  time  establish  closer  relations  with  colleges  of  engineering,  re- 
search laboratories  and  individual  investigators,  and  would  become  a 
center  of  information  and  a  source  of  wholesome  inspiration  for  electrical 
research  in  this  country.  A  list  of  topics  for  research  with  some  sugges- 
tions, compiled  by  the  chairman  of  the  committee,  has  been  accepted  for 
presentation  at  the  Annual  Convention. 

Editing  Committee. — The  Editing  Corjimittee  has  had  general  supervi- 
sion over  the  discussions  in  the  Proceedings  and  the  contents  of  the 
Transactions  published  during  its  incumbency.  The  method  of  handling 
this  material  has  been  the  same  as  in  the  previous  two  or  three  years  and 
it  appears  to  have  met  with  general  satisfaction.  The  only  important 
typographical  changes  which  have  been  adopted  for  the  current  year 
have  been  the  new  style  for  the  cover  and  the  combination  of  the  Section 
I  and  Section  II  tables  of  contents  on  the  first  page  of  the  Proceedings 
immediately  inside  the  cover. 

Committee  on  Development  of  Water  Power. — During  the  past  year 
this  committee,  through  its  members,  has  endeavored  to  keep  informed 
respecting  the  progress  of  legislation  affecting  water  power  development 
and  other  allied  questions.  The  committee  has  held  several  meetings, 
a  large  number  of  informal  conferences,  and  has  exchanged  much  cor- 
respondence. 

In  the  fall  of  1916  the  committee  accepted  an  invitation  from  Governor 
James  Withy  combe  of  the  State  of  Oregon  to  send  a  delegate  to  address 
a  Western  Water  Power  Conference  held  at  Portland,  Oregon,  September 
21,  22  and  23.  Mr.  John  H.  Finney,  a  member  of  the  committee,  was 
appointed  and  presented  to  the  conference  a  brief  which  had  been  pre- 
pared by  the  committee. 

Acting  jointly  with  the  Meetings  and  Papers  Committee,  this  com- 
mittee arranged  for  the  special  Institute  meeting  held  in  Washington, 
D.  C,  under  the  auspices  of  the  Washington  Section,  on  April  26,  at 
which  various  aspects  of  the  water  power  situation  were  treated  th-ough 
the  medium  of  a  carefully  prepared  program. 

Public  Policy  Committee — The  Public  Policy  Committee  has  held  four 
meetings  during  the  year,  at  which  various  matters  referred  to  the  com- 
mittee were  considered  and  discussed.  Among  the  more  important  ques- 
tions reported  upon  by  the  committee  to  the  Board  of  Directors  were  the 
following:  Legislation  providing  for  federal  support  for  engineering 
experiment  stations  in  each  state;  water  power  legislation;  engineering 
cooperation;  translation  of  standardization  rules  into  foreign  languages: 
legislation  affecting  the  engineering  profession. 

Committee  on  Relations  of  Consulting  Engineers. — On  May  13,  1915, 
the  committee  submitted  to  the  Board  of  Directors  a  proposed  schedule 
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of  fees  as  a  general  guide  for  consulting  engineers.     No  other  matters 
have  developed  requiring  the  attention  of  the  committee. 

IT.  S.  National  Committee  of  the  International  Electrotechnical  Com- 
mission— The  War  has  naturally  interfered  with  the  international 
activities  of  the  Commission,  but  nevertheless  a  considerable  amount  of 
work  has  been  carried  on  among  the  individual  national  committees. 

In  America,  electrical  engineering  standardization  has  been  confined 
to  the  work  of  the  A.  I.  E.  E.  Standards  Committee.  The  British  Stand- 
ardization Rules  for  Electrical  Machinery  have  been  published  during 
the  year,  and  are  believed  to  be  in  substantial  conformity  with  the  last 
edition  (1915)  of  the  A.  I.  E.  E.  Standardization  Rules,  as  well  as  with  the 
international  rules  thus  far  adopted  by  the  I.  E.  C. 

The  Annual  Report  of  the  Honorary  Secretary  of  the  Commission, 
dated  January  1916,  which  has  been  received  from  the  Central  Office, 
indicates  that  the  work  of  the  Commission,  in  abeyance  for  the  present, 
should  be  expected  to  recontinue  as  soon  as  the  peace  of  the  world  shall 
have  been  restored. 

The  U.  S.  National  Committee  held  one  meeting,  in  New  York,  in 
November    1915. 

Constitutional  Revision  /Committee. — The  Constitutional  Revision 
Committee  was  appointed  at  the  beginning  of  the  administrative  year, 
and  immediately  began  work  upon  the  revision  of  the  constitution.  All 
suggestions  which  had  been  received  since  the  last  amendment  to  the 
constitution  in  1912  were  considered  by  the  committee.  Requests  for 
further  suggestions  were  made  to  each  member  of  the  present  Board  of 
Directors,  each  past-president,  and  each  Section  chairman.  As  the  result 
of  the  suggestions  received  and  those  made  by  the  members  of  the  com- 
mittee the  proposed  amendments  were  agreed  upon  and  submitted  to  the 
Board  of  Directors  in  December  1915.  The  amendments  are  now  being 
voted  upon  by  the  membership  and  the  result  of  the  vote  will  be  made 
known  at  the  Annual  Meeting. 

Employment  Department. — The  usefulness  of  the  Employment  Depart  - 
ment  has  increased  greatly  during  the  year.  A  considerable  number  of 
Institute  members  have  been  helped  to  positions,  and  employers  are  more 
and  more  taking  advantage  of  the  facilities  offered  by  the  Institute  for 
placing  them  in  touch  with  desirable  technical  men.  The  Institute  con- 
tinues to  publish  without  charge  in  the  monthly  Proceedings  announce 
ments  of  vacancies  and  men  available. 

Board  of  Examiners. — The  Board  of  Examiners  has  held  11  meetings 
during  the  year.  It  has  considered  and  referred  to  the  Board  of  Directors 
with  its  recommendations  a  total  of  1,419  applications  of  all  kinds.  In 
addition  to  these,  the  Board  has  reviewed  29  applications  for  a  second  and 
third  time.  Although  the  total  number  of  applications  is  less  than  last 
year,  the  amount  of  time  devoted  to  the  work  by  the  Board  was  consider- 
ably greater  this  year.  The  reason  for  this  is  that  there  were  less  ap- 
plications for  admission  as  Associates,  which  require  very  little  detailed 
examination,  but  more  applications  for  the  higher  grades,  to  which  much 
time  must  necessarily  be  devoted.  In  considering  applications 
for  admission  and  transfer  to  the  grade  of  Fellow  the  Board  has  adhered 
rigidly  to  its  interpretation  of  the  constitutional  requiremeats,  as  nmy  be 
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inferred  from  the  following  figures  showing  that  only  10  applicants  were 
recommended  for  this  grade,  and  20  were  not  recommended. 

Applications  for  Admission. 

Recommended  for  grade  of  Associate 624 

Not  recommended  for  grade  of  Associate 1       625 

Recommended. for  grade  of  Member 44 

Not  recommended  for  the  grade  of  Member 14         58 

Recommended  for  grade  of  Fellow 3 

Not  recommended  for  Fellow 5  8 

Recommended  for  enrolment  as  students 643       643 

Applications  for   Transfer. 

Recommended  for  grade  of  Member 54 

Not  recommended  for  grade  of  Member 9         63 

Recommended  for  grade  of  Fellow 7 

Not  recommended  for  grade  of  Fellow 15         22 


Total  number  of  applicatioms  considered 1419 

Applications   reconsidered 29 

Admission  and  transfer  all  grades 1448 

Membership  Committee. — The  work  of  the  Membership  Committee 
began  early  last  fall  when  plans  were  formulated  assigning  a  definite 
portion  of  the  work  to  each  member  of  the  committee.  This,  based  upon 
well  established  precedent,  aimed  to  increase  the  membership  without 
the  employment  of  undignified  methods.  Later  it  was  decided  to  extend 
operations  in  the  same  and  new  fields. 

The  work  of  the  committee,  into  which  the  individual  members  entered 
with  considerable  interest  and  activity,  resulted  in  the  filing  of  777  ap- 
plications for  membership,  and  the  laying  of  a  foundation  for  the  work 
of  the  succeeding  committee. 

The  Membership  Committee,  believing  its  duty  to  be  the  retention 
of  existing  as  well  as  the  acquisition  of  new  members,  has  during  the  year 
cooperated  with  the  Secretary  of  the  Institute  in  securing  the  payment 
of  dues  in  arrears,  and,  in  general,  seeking  and  endeavoring  to  remove  the 
cause  of  difficulty.  So  much  has  been  accomplished  that  it  is  urgently 
recommended  that  this  function  be  delegated  to  the  Membership  Com- 
mittee each   year. 

The  following  tabulated  statement  shows  the  number  of  members  in 
each  grade,  the  total  membership,  and  the  additions  and  deductions  that 
have  been  made  during  the  year: 
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Membership.  Apnl  30.  1915. 

Honorary 
Member 

Fellow 

Member 

Associate 

Total 

5 

448 

1079 

6522 

8054 

Additions: 
Elected 

.... 

4 
6 

2 
2 

41 

47 

7 

7 
13 
13 

4 

584 
46 

27 
206 
254 

49 

Transferred 

Reinstated 

Deductions: 

Died 

Resigned 

Membership.  April  30. 1916. . 

5 

454 

11.17 

6616 

8212        * 

Net  increase  in  membership  during  the  year 158 

Deaths. — The  following  deaths  have  occurred  during  the  year: 

Fellows. — Henry  A,  Mavor,  Louis  Duncan. 

Members. — Fred  S.  Pearson,  Max  Hebgen,  C.  E.  Hogle,  R.  A.  McKec, 
James  I.  Ayer.  W.  W.  Cole,  W.  C.  Robinson. 

Associates. — J.  A.  Culverwell,  I.  W.  Moore,  O.  C.  F.  Hague,  J.  P. 
McElroy,  E.  J.  Correa,  R.  W.  Farr,  Eugene  Fischer,  W.  J.  Henry.  Geo. 
F.  Kenyon,  Joseph  Herzog,  John  W.  Barnett,  R.  C.  Watson,  Wm.  F. 
Endress,  Roy  N.  Wooster,  Crellin  Cartwright,  W.  C.  Andrews,  James  S. 
Anthony,  W.  G.  Roome,  Frank  Zencak,  W.  E.  Dickinson,  F.  H.  Vamey, 

E.  F.  Cannon,  J.  Ray  Wilson,  C.  J.  H.  Woodbury,  John  C.  Manley,  Chas. 

F.  Baldwin,  George  H.  Stockbridge.  Total  deaths,  36. 
Finance  Committee. — The    following    correspondence    and    financial 

statements  form  a  complete  summary  of  the  work  of  the  Finance  Com- 
mittee for  the  year. 

Board  of  Directors,  New  York,  May  12,   1916 

American  Institute  of  Electrical  Engineers. 
Gentlemen: 

Your  Finance  Committee  respectfully  submits  the  following  report 
for  the  year  ending  April  30,  1916. 

During  the  past  year  the  committee  has  held  monthly  meetings,- 
has  passed  upon  the  expenditures  of  the  Institute  for  various  purposes 
and  otherwise  performed  the  duties  prescribed  for  it  in  the  Constitution 
and  By-Laws.  Haskins  &  Sells,  certified  public  accountants,  have  audited 
the  books,   and   their  certification   of   the   Institute   finances   follows. 

In  company  with  your  Treasurer,  Secretary,  and  a  member  of  the 
firm  of  accountants,  the  committee  has  examined  the  securities  held 
by  the  Institute  and  finds  them  to  be  as  stated  in  the  accountants'  report. 

In  accordance  with  the  recommendation  of  your  committee  in  their 
report  dated  May  11,  1915,  the  Board  of  Directors  instructed  the  Finance 
Committee  to  liquidate  the  mortgage  upon  the  lands  on  which  the  Engineer- 
ing Societies  Building  stands.  This  mortgage,  amounting  to  $54,000.00* 
was  paid  June  25,  1915,  and  therefore  the  Institute  is  now  free  from  all 
indebtedness  save  for  current  liabilities  as  shown  in  the  accompanying 
report.  Respectfully  submitted, 

(Signed)  J.  Franklin  Stevens, 

Chairman,  Finance  Coa^mittee^ 
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HASKINS    &   SELLS 

WATESTOWN  CBRTIFICD . PUBLIC  ACCOUNTANTS 

BAI.TIMORe  30    BROAD    STRBET 

PITTSBURGH  v/^oir 

Cl.eVEI-AND  NEW    TOrtl\ 

CHICAGO  

ST.    I.OUIS  CABLE  ADDRESS  **HASK8BLLS** 

ATI.ANTA 

DENVER 

SAN    FRANCISCO 

I.ONDON.    E.   C. 

AMERICAN    INSTITUTE    OF    ELECTRICAL    ENGINEERS 

CERTIFICATE 
We  have  audited  the  books  and  accounts  of  the  American  Institute 
of  Electrical  Engineers  for  the  year  ended  April  30,  1916,  and 

We  Hereby  CERxrFY  that  the  accompanying  General  Balance  Sheet 
properly  sets  forth  the  financial  condition  of  the  Institute  on  April  30, 
1916,  that  the  Statement  of  Income  and  Profit  &  Loss  for  the  year  ended 
that  date  is  correct,  and  that  the  books  of  the  Institute  are  in  agreement 
therewith. 

HASKINS  &  SELLS 

Certified  Public  Accountants. 
New  York. 
May  12,  1916. 
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AMERICAN  INSTITUTE  OF 

General  Balance  Sheet 
Exhibit  A. 

Assrrs. 
Land  and  Building: 

Intereit  in  United  Engineering  Society's  Real  Estate  No. 
25  to  33  West  39th  Street: 

Building $353,346.61 

Land  (One-third  of  Con)  180.000.00 

Total  Land  and  Building 1533.346.61 

Equipment: 

Libtary — Volumes  and  Fijctures $  39.217. 30 

Works  of  Art,  Paintings,  etc 3,001 .  35 

Office  Furniture  and  Fixtures 11,229 .  48 

Total $  53,448. 13 

Less  Reserve  for  Depreciation 6,989 .01 

Remainder — Equipment $  46,459. 12 

Investments: 

Bonds— City    of    Wilmington.    Delaware,    4J%.    1934,    Par 
$15.000 $  15.938.83 

Working  Assets: 

Publications  entitled  "  Transactions,"  etc $  10,908.50 

Badges 602. €6 

ToUl  Working  Assets $  11,511 .45 

Current  Assets: 

Cash $     6.740.09 

Accpunts  Receivable: 

Members,  for  Entrance  Pecs  and  Pa5t  Dues 7,750.00 

Advertisers 446.70 

Miscellaneous ^ 580. »1 

Interest  Accrued — Investments 56. 25 

Interest  Accrued — Bank  Balances 107. 73 

Total  Current  Assets $   15.081 .  T  1 

Funds: 
Life  Membership  Fund: 

Cash $    349.89 

Chicago.  Burlington  &  Qaincy  Railroad  Com- 
pany. 4%.  1958,  Par  $5,000. 00 4,868.75 

Interest  Accrued 33.33$     5,251.97 

International  Blectiical  Congress  of  St.   Louis — 
Library  Fund: 

Cash $    756.39 

New  York     City     Bonos.     4\%,     1957.     Pax 

$2,000 .00 2.261 .  47 

Interest  Accrued 45.00        3.002.86 

Mailloux  Fund: 

Cash $    104. 10 

New  York  Telephone  Company  Bond ,  4  }  % .  1939. . .     1,000 .  00 

Interest  Accrued 22. 50 

1.126.60 

Midwinter  Convention  Fund — Cash 158.93 

ToUl  Funds 9,600.36 

Total _      t632J»8.06 
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ELECTRICAL  ENGINEERS 
April  30,  1016 


Liabilities 
Current  Liabilities: 

Accounts    Payable — Subiect    lo    Approval    by    the    Finance 

Committee S  7.146.64 

Dues  Received  in  Advance 1 ,322.97 

Bntrance  Pees  and  Dues  Advanced  by  Applicants  for  Member- 
ship   455.50 

Total  Curient  Liabilities 

Fund  Reserves:  ,   "' ' 

Life  MembeTship  Fund  .V S  6.251 .97 

Inteination<%l  Electrical  Congress  ot  St.  Louis — Library  Fund. . .  3.062. 86 

Mailloux  Fund  .^ 1.126.60 

»       Midwinter  Convention  Fund 158 .  93 

Total  Fund  Reserves 

Surplus:     Per  Exhibit  '*  B  " 


S     8.925  11 


9.600.36 
614.012.01 


Total . 


$63.2538^08 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS 
Statement  of  Income  and  Profit  and  Loss 
For  the  Year  Ended  April  30,  I9I6 
Exhibit  B. 


Rbvenl'b: 

Entrance  Pees S  3,666.00 

Dues 87.096.28 

Student's  Dues 4.621.60 

Transfer  Pees 620.00 

Aavertising 8.049.43 

Subscriptions 2.688.38 

Soles  of  "  Transactions,"  etc 2.323.86 

Badges  Sold 81.684.00 

Less  Cost 1.476.08 

208.96 

Interest  on  Investments 966.97 

Interest  on  Bank  Balances 633.92 

Exchange 27.63 

Total $1I1.19».M 

Expenses: 

Meetings  and  Papers  Committee: 

Salaries S  6.426.00 

Binding  and  Mailing  Proceedings 6,426. 13 

Printing  Proceedings li.121 . 76 

Engraving  Proceedings 2.349 .  12 

Paper  and  Cover  Paper. 6,320.34 

Envelopes 786.83 

Stationery  and  Miscellaneous  Printing 89.96 

General  Expenses 128.23 

Meetings 6,983.43 

Volume  No.  32 6.90 

Volume  No.  33 12.422.92 

Volume  No.  34 j,476.64 

Total $  62.636.24 

Deduct  Increase  in  Inventory  of  Publications:.. 

May  1,  If  15 S  9,660.76 

April  30,  1916 10,908.60  1.267.76  9  51,278.« 

Executive  Department: 

Salaries S  16.448.60 

General  Expenses 1.980.06 

United  Engineering  Society — Assessments \  . . . .  4.800.00 

Express 412.69 

Postage 2,710.66 

Aavertising 2,036.76 

Stationery  and  Miscellaneous  Printing 3,11 1 .67 

Year  Book  ana  Catologue 2.760.86 

Interest  on  Bond  and  MortRa%e 360.00      34,t09.t» 

Forward $  8  86.888.i* 

RBviifU»— (Forward) IllLWO 
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RBVBNUB^(Porward) 1111,199.82 

BXPBNSBS— (Forward) $  86,888.48 

Sections  Committee: 

Section  Meetings S  6.838.94 

Bmnch  Meetings 102.33 

Delegates'  Convention  Expenses 1,674.06 

Salaries.  New  York  Office 2,340.00 

Stotionery  and  Printing.  New  York  Office 647.00 

Express  on  Advance  Copies 43.94 

10.106.26 

General: 

Library  Committee S  3.999.99 

Membership  Committee 890. 66 

Finance  Committee 160.00 

Standards  Committee 368. 41 

Code  Committee 78.46 

International  Engineering  Congress,  1916 760. 00 

Reception  Committee,  International  Engineering  Congress 

1916 224 . 17 

Constitutional  Revision  Committee 696.60 

Library  Research  Department 260.00 

Salary  and  Traveling  Expenses,  Honorary  Secretory 4,440. 17       11.837. 24 

^    ^  Totol 8107.831.98 

Add: 

Increase  in  Accounts  Payable — Subject  to  Approval  of  Finance 

Committee.  Expenses  Undistributed  at: 

May  1  1916,  not  including  liability  for  badges  sold  or  on 

hand,  $70.00 $    4.979.41 

April  30.  1916 7.146.64         2.167.23 

Totol  Expenses 8109.996.21 

Nbt  Rbvxnub: 81.200.01 

Profit  &  Loss  Ckkoits — Accessions  to  Library  Volumes  and 

Fixtures 8        681.26 

Land,  Building,  and  Endowment  Fund  Transferred  to  the 
General  Fund 7.807. 10 

Charged  to  Mailloux  Fund  on  Account  of  Payment  from  Gen- 
eral Fund  in  December,  1914.  which  should  have  been  paid 
from  Mailloux  Fund 60. 76 

Payment  Received  for  Ticketo  to  Annual  Function.  February 

1916 10. 60 

Adjustment  of  Office  Furniture  and  Fixtures.  Applicable  to 

Prior  Period 406.60        9,016. 10 

Gross  Surplus  FOR  thkYkar 8  10,216.71 

Profit  ft  Loss  Chargbs: 

Uncollectible  Dues  Written  Off 8  3.403.00 

Provision  for  Depreciation  of  Furniture  and  Fixtures 1.207. 06 

Loss  on  Sale  of  Securities 1.763.86 

Amortisation  of  Premium  on  City  of  Wilmington.  Delaware. 

4i%  Bondsof  1934 68.07 

Total 6,492.68 

Nbt  Surplus  for  thb  Ybar 8    8.724. 13 

Surplus,  May  1.  U16 010,288.48 

Surplus.  April  30.  1910 8014.012.01 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS 
Statement  of  Cash  Receipts  and  Donations  for  Designated  Pur 
POSES.     Also  Disbursements,  for  the  Year  Ended  April  30,  1916. 

Exhibit  C. 

Receipts: 

Land.  Building  and  Endowment  fund — Interest S 104. 62 

Life  Membership  Fund — Interest. 206.63 

International  Electrical  Congress  of  St.   Louis   Library    Fund — Interest 

and  Royalties 97  65 

Mailloux  Fund — Interest 45.00 

Midwinter  Convention  Fund 158.93 


Total 1613.83 


Disbursements: 
Land  Building  and  Endowment  Fund — Account  payment  of  mortgage 

on  land,  25-33  West  39th  Street,  New  York  City $7807  10 

Life   Membership  Fund 269.38 

Mailloux  Fund 54.96 


Total 18131 .43 


receipts  and  disbursements  per  year  per  member. 

During  each  fiscal  year  for  the  past  eight  years. 

Year  ending  April  30 1909       1910       1911       1911       1918       1914  1918      1916 

Membership.  April  30,  each 

year 6400       6681       7117       7459       7654       7876  8054      8212 

Receipts  per  Member S13.21  S13.35  S13.37  S13.19  S13.45  S14.08  S14.06  113  62 

Disbursements  per  Member  10.49     12.03     11.03     12.44     15.57     12.86  13.54     13  74 

Credit  Balance  per  Member  S2. 72     SI.  32     S2.34     S.  75*^2. 12     $1.22  $   .52  *$  M 
♦Deficit. 


Respectfully  submitted  for  the  Board  of  Directors, 

F.  L.   HUTCHINSON,   Secretary, 
New  York,  May  16,  1916. 
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1.  EDUCATION 

THE  RSLATION  OF  PURB  SCIENCE  TO  INDUSTRUdL  RESEARCH 

Preildent's  Address 

J.  J.  Csrty  Vol.  zzxr— 191C,  pp.  471-488 

SUGGESTIONS  FOR  ELECTRICAL  RESEARCH  IN  ENGINEERING  COLLEGES 
V.  Ksrapetoff  VoL  zzxv— 1918.  pp.  8t8-f  18 

This  paper  gives  a  list  of  topics  in  electrical  engineering  suitable  for 
thesis,  research  and  advanced  study.  A  plea  is  made  for  systematic 
research,  each  college  specializing  year  after  year  in  only  a  few  topics. 
Cooperation  is  urged  with  individual  inventors  and  investigators. 
Various  types  of  investigation  are  enumerated,  such  as  invention,  ex- 
perimental study,  theoretical  study,  library  search,  and  compilation  of 
data. 

Discussion,  pages  011-923,  by  Messrs.  J.  B.  Whitehead,  A.  E.  Flowers, 
C.  E.  Skinner,  F.  C.  Caldwell,  E.  E.  Creighton,  D.  D.  Ewing,  C.  F. 
Harding,  N.  S.  Diamant,  J.  J.  Carty,  D.  H.  Brayfaier,  A.  A.  Nims  and 
A.  Gray. 

A  general  discussion  from  the  viewpoints  of  the  college  professor, 
inventor  and  manufacturer. 

2.  GENERAL  THEORY 

OUTLINE  OP  THEORY  OP  IMPULSE  CURRENTS 
C.  P.  Steinmetz  Vol.  xxxr— 1918.  pp.  1-80 

In  Part  I  it  is  shown  how,  from  the  integral  of  the  general  differential 
equation  of  the  electric  circuit,  which  has  been  discussed  in  a  previous 
paper,  all  types  of  electric  currents  are  derived  as  special  cases,  corres- 
ponding to  particular  values  of  the  integration  constants. 

In  Part  II  an  outline  of  the  theory  of  impulse  currents  is  given.  They 
comprise  two  classes,  the  non-periodic  and  the  periodic.  The  equations 
of  both  are  given  in  different  form,  by  exponential  and  by  hyperbolic  or 
trigonometric  functions. 

A  few  special  cases  are  discussed. 

Discussion,  pages  20-31,  by  Messrs.  C.  P.  Steinmetz,  M.  I.  Pupin, 
H.  Pender,  H.  Lippelt  and  A.  £.  Kennelly. 

A  discussion  of  the  advantages  of  the  synthetic  and  analytic  methods  of 
studying  engineering  phenomena.  A  development  of  the  special  case 
under  impulse  currents  of  the  circuit  having  capacity  in  series. 

APPLICATION  OP  A  POLAR  PORM  OP  COMPLEX  QUANTITIES  TO  THE  CALCU- 
LATION OP  ALTERNATING-CURRENT  PHENOMENA 
N.  S.  Dianuint  Vol.  zzxv~1818,  pp.  887-878 

In  the  calculation  of  a-c.  phenomena  by  means  of  complex  quantities, 
as  a  rule,  the  rectangular  components  of  the  vector  are  used.     A  simple 
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method  for  dealing  directly  with  the  vectors  themselves  is  described  and 
consists  in  introducing  the  operator/*,  where  »,  contrary  to  ordinary  usage, 
may  be  any  positive  or  negative  fraction.  For  convenience  of  reference 
a  summary  of  formulas  is  given  and  also  a  very  short  bibliography. 

Discussion^  pages  979-981,  by  Messrs.  A.  Gray,  £.  E.  P.  Creighton, 
J.  B.  Whitehead,  £.  H.  Colpitts  and  N.  S.  Diamant. 

A  general  discussion  of  the  various  mathematical  determinations. 

3.  UNITS,  MEASUREMENTS  AND  INSTRUMENTS 

CRB8T  VOLTMBTBRS 
C.  H.  Slurp  and  B.  D.  Doyto  VoL  zxzr— If  1«,  p.  M-lfT 

The  paper  shows  how  a  voltmeter  which  will  read  directly  the  maximum 
or  crest  values  obtained  in  high-voltage  testing  may  be  constituted  by  a 
combination  of  an  electrostatic  voltmeter  and  an  dectric  valve.  Dia- 
grams of  connection  are  shown  and  results  of  test  given  to  indicate  the 
validity  of  the  method. 

Discussion  incorporated  with  that  of  paper  by  W.  R.  Work  on  "Notes 
on  the  Measurement  of  High  Voltage". 

THB  VOLTMBTBR  COIL  IN  TBSTING  TRANSFORMBRS 
A.  B.  Hendricks,  Jr.  Vol.  zxzr^itit,  p.  UT 

The  advantages  of  the  voltmeter  coil  in  the  determination  of  the  high- 
tension  voltage  in  testing  transformers. 

Discussion  incorporated  with  that  of  paper  by  W.  R.  Work  on  "Notes 
on  the  Measurement  of  High  Voltage". 

THB  CRBST  VOLTMBTBR 
L.  W.  Chabb  Vol.  zxzr—lf  IS,  pp.  iOf-liC 

This  paper  mentions  and  compares  some  of  the  methods  of  high- voltage 
measurement  and  describes  in  more  detail  the  crest  voltmeter  with  its 
construction,  operation,  accuracy  and  application.  The  summary  states 
that  spark  gaps  should  be  only  a  calibrating  standard  and  a  more  prac- 
tical instrument,  such  as  described,  the  preferred  working  standard. 

Discussion  incorporated  with  that  of  paper  by  W.  R.  Work  on  "Notes 
on  the  Measurement  of  High  Voltage". 

NOTBS  ON  THB  MBASURBMBNT  OP  HIGH  VOLTA6B 
W.  IL  Work  Vol.  nzr^if  i«,  pp.  Uf-lSC 

A  brief  account  of  some  of  the  experiments  made  to  determine  the 
relative  accuracy  of  certain  methods  used  in  measuring  high  voltage. 
The  methods  comprise  the  use  of  a  tertiary  (or  voltmeter)  coil  in  the 
high-tension  transformer,  the  crest  voltmeter  and  the  derivation  of  the 
high-tension  pressure  from  the  primary  voltage. 

Discussion  (including  that  of  papers  by  Sharp  and  Doyle,  L.  W.  Chubb 
and  A.  B.  Hendricks),  pages  127-146,  by  Messrs.  £.  £.  Creighton,  P.  W. 
Peek,  Jr.,  P.  M.  Parmer,  P.  Bedell,  C.  A.  Adams,  W.  I.  Middleton,  J.  R. 
Craighead.  C.  L.  Dawes,  J.  B.  Whitehead,  L.  W.  Chubb,  C.  H.  Sharp, 
C.  P.  Harding,  W.  D.  Peaslee,  M.  G.  Newman  and  A.  B.  Hendricks, 
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A  general  discussion  with  particular  reference  to  the  oscillograph  and 
visual  corona  methods  of  measuring  crest  voltage. 

A   METHOD  OP  DBTBRMININO  THE  CORRECTNESS  OF  POLYPHASE  WATT- 
METER CONNECTIONS 
W.  B.  Koawenho^en  Vol.  zxzr^ltie,  pp.  lM-tO« 

A  description  of  a  method  of  checking  the  correctness  of  the  connections 
of  a  polyphase  watt-hour  meter  and  proof  that  the  methods  most  com- 
monly used  are  unreliable.  Rules  are  worked  out  that  make  the  recti- 
fication of  incorrect  connections  simple.  Another  method  is  described 
which  may  be  used  on  balanced  or  unbalanced  three-phase  circuits  at 
any  power  factor,  providing  the  opening  of  one  phase  at  a  time  is  permis- 
sible. 

Discussion,  pages  207-211,  by  Messrs.  W.  H.  Pratt,  G.  A.  Sawin,  L. 
W.  Chubb,  C.  A.  Adams  and  W.  B.  Kouwenhoven. 

A  general  discussion. 

IRON  LOSSES  IN  DIRECT-CURRENT  MACHINES 

B.  G.  Umme  Vol.  zxzr— 1»U,  pp.  1C1-18C 

It  is  shown  that  no  great  accuracy  is  practicable  in  the  calculation  of 
actual  iron  losses,  except  in  special  cases.  A  brief  explanation  of  several 
causes  of  variation  in  losses  is  given. 

The  four  principal  sources  of  core  loss  are  considered,  namely — armature- 
ring  loss,  armature-tooth  loss,  eddy  currents  in  buried  conductors,  and 
pole-face  losses.  Under  eddy  current  losses  an  explanation  is  given  of 
certain  losses  not  usually  taken  into  account  with  a  crude  method  of 
calculation  and  some  tabulated  results. 

Under  pole-face  losses  an  empirical  formula  is  given,  also  tabulated 
results. 

The  effect  of  load  on  losses  is  discussed  and  .some  of  the  effects  of  flux 
distortion  on  losses  are  shown. 

Discussion,  pages  287-299,  by  Messrs.  H.  F.  T.  Erben,  W.  S.  Moody, 
W.  B.  PoUer,  F.  H.  Kierstead,  H.  M.  Hobart,  W.  J.  Foster,  J.  L.  Bum- 
ham,  L.  T.  Robinson,  A.  S.  Langsdorf  and  B.  G.  Lamme. 

A  general  discussion  of  iron  losses  in  d-c.  machines  and  transformers. 

STANDARDIZATION 

C.  Le  Matstre  Vol.  zzxr— ItlC,  pp.  489-4tC 

A  general  review  of  development  of  standardization  committees  and 
organizations  here  and  abroad.  A  citation  of  the  many  advantages  of 
proper  standardization  and  an  appeal  for  universal  cooperation.  Par- 
ticular reference  is  given  to  standardization  of  electrical  machinery  with 
emphasis  (aid  on  the  adoption  of  a  standard  temperature  rise  basis. 

Discussion,  pages  497-500,  by  Messrs.  C.  H.  Sharp,  F.  Osgood,  C.  P. 
Steinmetz,  C.  Le  Maistre  and  C.  A.  Adams. 

A  general  discussion. 

\ 
REPORT  OP  THE  TRANSMISSION  COMMITTEE 
Percy  H.  Thomas,  Chairman  Vol.  zzxr — Itit,  pp.  f f f-f 88 

I.  Data  from  Operating  Plants  on  the  Effect  of  Altitude  on  the 
Operating  Temperature  Rise  of  Electrical  Apparatus.  ^^  ^ 
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II.  Experience  with  Grounded  Neutral  on  High-Tension  Transmis- 
sion Lines. 

Discussion,  pages  584-697,  by  Messrs.  N.  A.  Carle,  M.  O.  Troy,  P. 
Junkersfeld,  E.  E.  F.  Creighton,  D.  B.  Rushmore,  J.  T.  Lawson,  J.  B. 
Taylor,  P.  H.  Chase,  H.  R.  Woodrow,  E.  C.  Stone,  F.  L.  Hunt,  L.  N. 
Crichton,  R.  F.  Schuchardt,  E.  T.  Street,  H.  Goodwin,  Jr.,  W.  A.  Carter 
and  B.  Price. 

A  general  discussion  of  experience  with  systems,  grounded  and  un- 
grounded. Very  complete  description  of  the  Victoria  Falls  and  Trans- 
vaal Power  Company,  Ltd.,  and  the  Rand  Mines  Power  Supply  Co., 
Ltd. 

EFFECT   OF  BAROMETRIC    PRESSURE   ON    TEMPERATURE  RISE   OF  SELF- 
COOLED   STATIONARY  INDUCTION  APPARATUS 
V.  M.  Montsincer  Vol.  zzxt-1«16,  pp.  fM-«S6 

This  paper  is  divided  into  three  parts,  as  follows;  (1)  A  general  review 
of  the  principal  laws  of  the  dissipation  of  heat, — radiation,  conduction 
and  convection.  (2)  The  development  of  a  simple  formula  for  the  effect 
of  altitude  on  the  cooling  of  surfaces  of  different  shapes.  (3)  A  general 
discussion  of  the  method  of  conducting  experimental  observations  at 
different  altitudes  on  three  different  shaped  surfaces. 

Discussion,  pages  627-633,  by  Messrs.  R.  W.  Sorensen,  A.  Gray  and 
V.  M.  Montsinger. 

A  general  discussion  of  methods  and  results  obtained. 

MEGGER  AND  OTHER  TESTS  ON  SUSPENSION  INSULATORS 
F.  L.  Hunt  Vol.  zxxv— 1«1«,  pp.  TM-TS8 

This  paper  gives  the  results  of  megger  tests  made  on  disk  insulators  on 
a  66,000- volt  transmission  line  in  Massachusetts  after  2.5  years  operation. 
The  percentage  of  failures  in  different  positions  in  the  string  is  given  on 
both  strain  and  suspension  towers.  The  actual  cost  of  making  these 
tests  under  different  conditions  of  weather  and  of  service  requirements 
is  given  per  insulator  on  the  line,  per  bad  insulator  and  per  tower. 

Discussion  incorporated  with  that  of  paper  by  R.  H.  Marvin  on  **A 
New  Method  of  Grading  Suspension  Insulators'*. 

EXPERIENCES  IN  TESTING  PORCELAIN 
E.  E.  F.  Creighton  Vol.  xzzv— 1916,  pp.  TS9-T44 

The  results  of  numerous  e.xperiences  in  testing  porcelain  insulators 
particularly  in  regard  to  porosity,  absorption  of  water,  surface  leakage 
and  dielectric  losses.  Considerable  energy  is  required  to  drive  moisture 
out  of  a  porous  insulator  and  it  has  been  found  best  to  restrict  the  oscil- 
lator testing  to  dry  porcelain,  whereas  the  wetter  the  porcelain  the 
more  effective  is  the  60-cycle  test. 

Discussion  incorporated  with  that  of  paper  by  R.  H.  Marvin  on  "A 
New  Method  of  Grading  Suspension  Insulators". 

A  NEW  METHOD  OF  GRADING  SUSPENSION  INSULATORS 
R.  H.  Marvin  Vol.  xxxv— 1»16,  pp.  T4i-7C1 

Attention  is  drawn  to  the  known  disadvantages  of  the  uneven  distri- 
bution of  voltage  in  long  strings  of  disks.     The  general  theory  showing 
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how  the  distribution  is  determined  by  the  various  capacities  of  the  units 
is  given.  It  is  shown  how  the  distribution  can  be  improved  by  grading, 
or  varying  the  internal  capacity  of  the  units. 

The  proposed  method  of  grading  consists  in  placing  flat  metal  rings  on 
the  insulator,  arouJnd  cap  and  stud  respectively,  the  porcelain  disk  being 
enlarged  for  this  purpose. 

A  simple  method  of  measuring  the  voltage  distribution  is  described 
using  a  single  needle  gap. 

The  results  of  tests  with  and  without  grading  are  given,  the  graded 
strings  showing  a  decidedly  better  distribution  of  voltage. 

Discussion,  pages  753-755,  by  Messrs.  F.  W.  Peek,  Jr.,  and  E.  E.  F. 
Creighton. 

A  general  discussion. 

THE  CORONA  VOLTMETER 
J.  B.  Whitehead  and  M.  W.  PuUen  Vol.  xxzt— 1916,  pp.  S09-8SS 

An  instrument  is  described  in  which  the  first  appearance  of  corona  is 
used  as  a  measure  of  the  applied  voltage.  The  electroscope,  the  gal- 
vanometer or  the  telephone  are  used  to  determine  the  first  appearance 
of  corona.  Tests  showing  the  constancy  and  permanence  of  the  instru- 
ment are  described. 

Discussion,  pages  834-843,  by  Messrs.  L.  W.  Chubb,  C.  H.  Sharp, 
J.  R.  Craighead,  C.  F.  Harding,  F.  W.  Peek,  Jr.,  J.  Kunz,  J.  B.  Taylor 
and  J.  B.  Whitehead. 

Arguments  for  and  against  the  corona  voltmeter  as  compared  with 
other  methods  of  measuring  high  voltages. 

TEMPERATURE  RISE  OF  INSULATED  LEAD-COVERED  CABLES 
Richard  C.  PoweU  Vol.  xxxv— 1916,  pp.  1017-1042 

After  a  brief  historical  note,  the  factors  that  determine  the  rate  of  temper- 
ature rise  of  a  cable  are  considered.  The  thermal  conductivity  is  ex- 
pressed in  terms  of  volume  thermal  conductivity  of  the  insidation,  the 
surface  thermal  conductivity  of  the  lead  sheath,  and  the  dimensions  of 
the  cable.  A  formula  is  given  for  calculating  increased  temperature  due 
to  stray  currents  in  the  lead  sheath.  Carrying  capacity  is  also  consid- 
ered from  the  viewpoint  of  the  thermal  properties  of  the  duct  line.  The 
overload  or  intermittent  rating  is  calculated  from  a  given  formula. 
Variable  air  temperature  is  discussed.  Various  formulas  given  are  de- 
veloped in  three  appendixes. 

Discussion,  pages  1043-1050,  by  Messrs.  M.  T.  Crawford,  L.  T.  Merwin, 
J.  B.  Fisken,  S.  C.  Lindsay,  C.  R.  Collins,  H.  W.  Buck,  R.  Howes,  M. 
E.  Cheney  and  W.  A.  Del  Mar. 

A  general  discussion  with  special  emphasis  on  the  effect  on  temperature 
rise  of  adjacent  power  lines  and  crossovers.  Experiences  of  several 
large  power  companies. 

TESTING  FOR  DEFECTIVE    INSULATORS  ON  HIGH-TENSION  TRANSMISSION 

LINES 
B.  G.  Flaherty  Vol.  xzzt— 1916,  pp.  1091-1109 

A  discussion  of  the  importance  and  necessity  of  field  tests  on  high- 
tension  insulators  and  three  methods  of  making  such  tests,,  viz;  ^i^{N(^(jTp 
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the  oscillator,  the  megger,  and  the  telephone  receiver.  The  latter  is 
described  in  detail  and  some  data  given  on  its  development  and  use  on 
a  60,000- volt-line.  Laboratory  checks  on  defective  insulators  are  given. 
Figures  of  cost  for  locating  and  replacing  defective  units  are  given.  A 
method  of  studying  rate  of  depreciation  is  outlined. 

Discussion^  pages  1110-1129,  by  Messrs.  H.  J.  Ryan,  L.  T.  Merwin, 
E.  A.  Loew,  J.  B.  Taylor,  C.  E.  Magnusson,  M.  T.  Crawford,  W.  D. 
Peaslee,  R.  W.  Pope,  C.  P.  Osborne,  G.  Harding,  B.  G.  Flaherty.  S.  C. 
Lindsay,  J.  P.  Jolly  man,  J.  Mini,  Jr.,  and  E.  E.  Creighton. 

Advantages  and  disadvantages  of  various  methods  of  detecting  and 
testing  faulty  insulators,  question  of  removal,  oil  impregnation  of  porous 
insulators,  value  of  grounded  neutral,  etc. 

THB  HIGH-VOLTAGB  POTBNTIOMBTER 
Harris  J.  Ryan  Vol.  jozt— 1«1«.  pp.  lUl-ltU 

Description  of  a  high-voltage  potentiometer  which  may  be  made  at 
reasonable  expense  consisting  of  a  water  resistance  potential  distributor 
and  a  sparking  probe  potential  difference  detector.  The  results  of  an 
integrity  trial  are  charted.  The  device  is  intended  for  investigations  in 
which  the  results  are  not  required  to  be  known  within  2  or  3  per  cent  of 
their  actual  value. 

No  discussion. 

AN  ARTIFICIAL  TRANSMISSION  LINB  WITH  ADJUSTABLE  LINE  CONSTANTS 
C.  Bdwtfd  Magnasson  and  S.  R.  Btirbank  Vol.  jozt— 1916.  pp.  llST-1149 

A  description  of  an  artificial  transmission  line  which  can  be  readily 
adjusted  to  represent  200  miles  (321.86  km.)  of  commercial  transmission 
lines  of  any  spacing  up  to  a  maximum  of  120  in.  (3  m.)  and  of  any  size 
wire  up  to  4/0  copper.  It  can  also  be  made  to  correspond  to  aerial  or 
cable  telephone  lines  and  to  power  cables.  The  use  of  this  line  is  illus- 
trated by  a  number  of  typical  experiments. 

Discussion,  pages  1150-1153,  by  Messrs.  L.  J.  Corbett,  W.  D.  Peaslee, 
J.  D.  Ross,  S.  R.  Burbank,  C.  A.  Whipple  and  C.  E.  Magnusson. 

A  general  discussion  of  the  value  of  artificial  transmission  lines. 

CHARACTERISTICS  OP  ADMITTANCE  TYPE  OP  WAVE-PORM  STANDARD 
Prederick  BedeU  Vol.  zzxr— 1916,  pp.  IIM-IITO 

A  description  of  the  characteristics  of  a  certain  type  of  standard  for 
determining  how  near  an  actual  wave  is  to  a  true  sine  wave  and  for 
prescribing  allowable  limits  of  deviation.  An  investigation  to  determine 
whether  a  standard  can  be  specified  that  will  be  more  suitable  in  its 
characteristics  and  more  practical  in  its  application. 

Discussion,  pages  1171-1186,  by  Messrs.  H.  S.  Osborne,  L.  F.  Curtis, 
C.  E.  Magnusson,  L.  W.  Chubb,  L.  T.  Merwin,  L.  J.  Corbett,  J.  B. 
Fisken,  W.  D.  Peaslee,  H.  J.  Ryan,  R.  W.  Mastick,  F.  Bedell  and  Report 
by  Joint  Committee  on  Inductive  Interference. 

A  discussion  of  the  various  factors  involved  in  the  selection  of  a 
wave-shape  standard  and  the  penalizing  of  upper  harmonics.  An  appeal 
for  cooperation  between  power  companies,  telephone  companies  and 
manufacturers.  ^  j 
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EXPERIMENTS  ON  PORCELAIN  SUSPENSION  INSULATOR  UNITS 
j;  Cameron  CUrk  Vol.  xzxv-l«ie,  pp.  146S-ia6 

A  very  complete  description  of  experiments  on  porcelain  suspension 
insulator  units.  Preliminary  organization,  scope  of  tests,  unusual  equip- 
ment required  to  measure  very  high  resistance  of  sound  dry  insulators. 
Results  tabulated  when  insulators  were  subjected  to  mechanical  stress, 
voltages  of  1,000  to  30,000,  to  temperature  variation,  also  effect  of  moisture. 
Description  of  attempted  methods  of  water-logging  insulators, 

No  discussion. 

TEMPERATURE  DISTRIBUTIONS  IN  ELECTRICAL  MACHINERY 
B.  G.  Lamme  Vol.  zzxt— 1916,  pp.  1471-1488 

The  fundamental  principles  governing  heat  distribution  and  temper- 
ature in  electrical  apparatus.  Heat  generation,  heat  flow  and  heat 
dissipation  and  resultant  temperature  are  discussed.  Paths  of  heat  flow 
and  effects  of  heat  resistance  of  such  paths  discussed.  The  effects  of 
rapid  head  flow  on  equalization  of  temperatures  and  on  their  measure- 
ment. Fallacies  in  temperature  guarantees  and  indications  pointed  out. 
Some  of  more  common  errors  in  methods  of  measurement  described. 

Discussion  incorporated  with  that  of  paper  by  F.  D.  Newbury  on 
"Rational  Temperature  Guarantees  for  Large  A-C.  Generators. 

RATIONAL  TEMPERATURE  GUARANTEES  FOR  LARGE  A.C.  GENERATORS 
F.  D.  Newbury  Vol.  zxxv— 1916,  pp.  1489-1601 

An  argument  for  the  standardization  of  temperature  guarantees  when 
based  on  internal  temperatures  as  measured  by  thermocouples.  It  is 
recommended  that  in  all  cases  the  maximum  safe  operating  temperature 
of  the  insulation  be  used  as  temperature  guarantee  instead  of  a  lower 
temperature.  Arguments  are  presented  from  the  stand-point  of  both 
operating  and  designing  engineers.  Curves  are  shown  illustrating  tem- 
perature conditions  in  stator  and  rotor  of  a  large  high-voltage  turbo- 
generator. Examples  are  given  showing  that  a  low  temperature  rise 
guarantee  for  the  stator  does  not  necessarily  result  in  overload  margin. 
To  be  certain  of  overload  margin  specifications  must  call  for  maximum 
rating  desired. 

Discussion,  pages  1503-1522,  by  Messrs.  A.  Gray,  W.  J.  Foster,  C.  J. 
Fechheimer,  V.  M.  Montsinger,  P.  Junkersfeld,  P.  M.  Lincoln,  W.  C. 
Bauer,  N.  J.  Conrad,  C.  A.  Keller,  M.  M.  Flower,  B.  G.  Lamme,  and 
F.  D.  Newbury. 

A  g,eneral  discussion. 

4.  INSULATION  AND  DIELECTRIC  PHENOMENA 

STUDIES  IN  LIGHTNING  PROTECTION  ON  4000-VOLT  CIRCUITS 
D.  W.  Roper  Vol.  jozt— 1916,  pp.  M9-694 

Investigations  over  a  five-year  period  on  a  distributing  system  covering 
about  180  square  miles  of  the  city  of  Chicago,  supplying  about  250,000 
customers  through  about  16,000  transformers.     A  number  of  theories 
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were  tried  out  in  practise  and  results  are  given  in  detail.  The  conditions 
during  the  year  1915  and  records  obtained  from  lightning  storms  during 
the  year  are  set  forth  by  means  of  maps,  drawings  and  tables.  An  analysis 
of  results  is  followed  by  a  list  of  conclusions. 

Discussion  incorporated  with  that  of  paper  by  O.  O.  Rider  on  "Pro- 
tection of  High- Voltage  Distribution  Systems  by  Isolating  Transformers". 

MEGGER  AND  OTHER  TESTS  ON  SUSPENSION  INSULATORS 
P.  L  Hunt  Vol.  JOZT— 191«,  pp.  7Si-Tt8 

This  paper  gives  the  results  of  megger  tests  made  on  disk  insulators 
on  a  66,000-volt  transmission  line  in  Massachusetts  after  2.5  years  oper- 
ation. The  percentage  of  failures  in  different  positions  in  the  string  is 
given  on  both  strain  and  suspension  towers.  The  actual  cost  of  making 
these  tests  under  different  conditions  of  weather  and  of  service  require- 
ments is  given  per  insulator  on  the  line,  per  bad  insulator  and  per  tower. 

Discussion  incorporated  with  that  of  paper  by  R.  H.  Marvin  on  "A 
Xew  Method  of  Grading  Suspension  Insulators". 

EXPERIENCES  IN  TESTING  PORCELAIN 
E.  E.  F.  Creighton  Vol.  zzxv— 1^**  PP-  7S9-T44 

The  results  of  numerous  experiences  in  testing  porcelain  insulators 
particularly  in  regard  to  porosity,  absorption  of  water,  surface  leakage 
and  dielectric  losses.  Considerable  energy  is  required  to  drive  moisture 
out  of  a  porous  insulator  and  it  has  been  found  best  to  restrict  the  oscillator 
testing  to  dry  porcelain,  whereas  the  wetter  the  porcelain  the  more  effec- 
tive is  the  60-cycle  test. 

Discussion,  incorporated  with  that  of  paper  by  R.  H.  Marvin  on  "A 
New  Method  of  Grading  vSuspension  Insulators." 

A  NEW  METHOD  OF  GRADING  SUSPENSION  INSULATORS 
R.  H.  Marvin  Vol.  zzzv— 191«,  pp.  T4f-TU 

Attention  is  drawn  to  the  known  disadvantages  of  the  uneven  distribu- 
tion of  voltage  in  long  strings  of  disks.  The  general  theory  showing  how 
the  distribution  is  determined  by  the  various  capacities  of  the  units  is 
given.  It  is  shown  how  the  distribution  can  be  improved  by  grading,  or 
varying  the  internal  capacity  of  the  units. 

The  proposed  method  of  grading  consists  in  placing  flat  metal  rings 
on  the  insulator,  around  the  cap  and  stud  respectively,  the  porcelain 
disk  being  enlarged  for  this  purpose. 

A  simple  method  of  measuring  the  voltage  distribution  is  described 
using  a  single  needle  gap. 

The  results  of  tests  with  and  without  grading  are  given,  the  graded 
strings  showing  a  decidedly  better  distribution  of  voltage. 

Discussion,  pages  753-755,  by  Messrs.  F.  W.  Peek,  Jr.,  and  E.  E.  F. 
Creighton. 

A  general  discussion. 

THE  EFFECT  OF  HIGH  CONTINUOUS  VOLTAGES  ON  AIR.  OIL  AND  SOLID 

INSULATIONS 
F.  W.  Peek,  Jr.  Vol.  xzxv— 1S16,  pp.  TSS-tOO 

This  paper  gives  the  results  of  experiments  on  the  dielectric  strength  of 
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and  compared  with  a-c.  results.  Visual  corona  voltage  and  variation  of 
voltage  with  air  density.  Spark-over  voltages  in  air  and  oil.  D-c.  break- 
down voltages  of  solid  insulations  as  compared  with  a-c.  High-voltage 
direct  current  in  cable  testing. 

Discussion,  pages  801-808,  by  Messrs.  J.  B.  Whitehead,  W.  Baum, 
S.  Farwell.  C.  E.  Skinner,  C.  L.  Dawes,  C.  H.  Sharp,  J.  B.  Taylor,  F.  W. 
Peek,  Jr.,  and  L.  T.  Robinson. 

A  general  discussion  with  amplification  of  certain  features  such  as 
spark-over  between  concentric  cylinders,  the  Thury  high-tension  d-c. 
system,  etc. 

TESTING  FOR  DBFECTIVB  INSULATORS  ON  HIGH-TENSION  TRANSMISSION 

LINES 
B.  G.  FUherty  Vol.  zxxv— 1916,  pp.  1096-1109 

A  discussion  of  the  importance  and  necessity  of  field  tests  on  high-ten- 
sion insulators  and  three  methods  of  making  such  tests,  viz.:  with  the 
oscillator,  the  megger,  and  the  telephone  receiver.  The  latter  is  described 
in  detail  and  some  data  given  on  its  development  and  use  on  a  60,000- 
volt-line.  Laboratory  checks  on  defective  insulators  are  given.  Figures 
of  cost  for  locating  and  replacing  defective  units  are  given.  A  method  of 
studying  rate  of  depreciation  is  outlined. 

Discussiofty  pages  1110-1129,  by  Messrs.  H.  J.  Ryan,  L.  T.  Merwin,  E. 
A.  Loew,  J.  B.  Taylor,  C.  E.  Magnusson,  M.  T.  Crawford,  W.  D.  Peaslee, 
R.  W.  Pope,  C.  P.  Osborne,  G.  Harding,  B.  G.  Flaherty,  S.  C.  Lindsay, 
J.  P.  Jollyman,  J.  Mini,  Jr.,  and  E.  E.  Creighton. 

Advantages  and  disadvantages  of  various  methods  of  detecting  and 
testing  faulty  insulators,  question  of  removal,  oil  impregnation  of  porous 
insulators,  value  of  grounded  neutral,  etc. 

INSULATOR  FAILURES  UNDER  TRANSIENT  VOLTAGES 
W.  D.  Peaslee  Vol.  xzzy— 1916,  pp.  1187-1194 

This  paper  presents  the  results  of  recent  investigations  on  the  failure  of 
insulators  under  impact  and  combined  impact  and  normal  frequency 
voltages,  Microphotographs  are  included.  The  breakdown  of  a  dielectric 
involves  energy  which  is  a  time  function,  and  the  importance  of  the 
duration  of  the  stress  in  determining  the  magnitude  of  the  voltage  neces- 
sary to  puncture  an  insulator  are  discussed.  The  importance  of  the  elimina- 
tion of  air  holes  and  defects  in  porcelain  is  shown.  Some  essential  features 
of  a  successful  line  insulator  are  stated. 

Discussion,  pages  1195-1205,  by  Messrs.  J.  B.  Fisken,  W.  D.  Peaslee, 
R.  Howes,  L.  T.  Merwin,  H.  J.  Ryan,  R.  W.  Mastick,  R.  M.  Boykin, 
A.  A.  Miller  and  E.  E.  F.  Creighton. 

A  general  discussion  including  experiences  of  certain  power  transmission 
lines. 

CERAMICS  IN  RELATION  TO  THE  DURABILITY  OF  PORCELAIN  SUSPENSION 

INSULATORS 
Harris  J.  Ryan  Vol.  zxxv— 1916,  pp.  1467— 1469 

The  fundamental  requirements  in  satisfactory  high-voltage  line  insula- 
tors are  .summarized  and  particular  emphasis  is  placed  upon  the  neecl<f«r  t 
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coordinated  study  of  service  durability.  The  effect  of  porosity  upon 
durability  is  explained  in  detail  and  an  appeal  made  for  the  establishment 
of  a  practical  porosity  elimination  test. 

The  manufacture  and  structure  of  electrical  porcelain  is  studied  from 
the  viewpoint  of  the  ceramist*  with  many  quotations  and  illustrations 
taken  from  the  Transactions  of  the  American  Ceramic  Society. 

The  author  briefly  states  the  conclusions  at  which  he  has  arrived  and 
gives  a  very  complete  list  of  references  and  notes. 

No  discussion. 

BZPERIMENTS  ON  PORCBLAIN  SUSPENSION  INSULATOR  UNITS 
J.  Cameroii  Clark  Vol.  xzxt— 1916,  pp.  14M-14M 

A  very  complete  description  of  experiments  on  porcelain  suspension 
insulator  units.  Preliminary  organization*  scope  of  tests,  unusual  equip- 
ment required  to  measure  very  high  resistance  of  sound  dry  insulators. 
Results  tabulated  when  insulators  were  subjected  to  mechanical  stress, 
voltages  of  1,000  to  30,000,  to  temperature  variation,  also  effect  of  mois- 
ture.   Description  of  attempted  methods  of  water-logging  insulators. 

No  discussion. 

INVESTIGATION  OP  SUSPENSION  INSULATOR  DETERIORATION 
J.  E.  Woodbridge  Vol.  zzzr— 1916,  pp.  146T-1470 

This  paper  gives  an  outline  of  an  investigation  of  suspension  insulator 
deterioration.  It  cites  the  origin  of  the  investigation,  the  limiting  factors 
encountered  and  methods  employed  to  overcome  them. 

No  discussion. 

6.  ELECTRIC  CONDUCTORS 

OUTLINE  OF  THEORY  OF  IMPULSE  CURRENTS 
C.  P.  Steinmetz  Vol.  zjczt— 1916,  pp.  1-20 

In  Part  I  it  is  shown  how,  from  the  integral  of  the  general  differential 
equation  of  the  electric  circuit,  which  has  been  discussed  in  a  previous 
paper,  all  types  of  electric  currents  are  derived  as  special  cases,  corres- 
ponding to  particular  values  of  the  integration  constants. 

In  Part  II  an  outline  of  the  theory  of  impulse  currents  is  given.  They 
comprise  two  classes,  the  non-periodic  and  the  periodic.  The  equations 
of  both  are  given  in  different  forms,  by  exponential  and  by  hyperbolic  or 
trigonometric  functions. 

A  few  special  cases  are  discussed. 

Discussion,  pages  20-31.  by  Messrs.  C.  P.  Steinmetz,  M.  I.  Pupin, 
H.  Pender,  H.  Lippelt  and  A.  E.  Kennelly. 

A  discussion  of  the  advantages  of  the  synthetic  and  analytic  methods 
of  studying  engineering  phenomena.  A  development  of  the  special  cases 
under  impulse  currents  of  the  circuit  having  capacity  in  series. 

TEMPERATURE  RISE  OF  INSULATED  LEAD-COVBRED  CABLES 
Riclurd  C.  PoweU  Vol.  zxzr— 1916,  pp.  1017-1041 

After  a  brief  historical  note,  the  factors  that  determine  the  rate  of 

temperature  rise  of  a  cable  are  considered.    The  thermal  ^56hductivity  is 
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expressed  in  terms  of  volume  thermal  conductivity  of  the  insulation,  the 
surface  thermal  conductivity  of  the  lead  sheath,  and  the  dimensions  of  the 
cable.  A  formula  is  given  fof*  calculating  increased  temperature  due  to 
stray  currents  in  the  lead  sheath.  Carrying  capacity  is  also  considered 
from  the  viewpoint  of  the  thermal  properties  of  the  duct  line.  The  over- 
load or  intermittent  rating  is  calculated  from  a  given  formula.  Variable 
air  temperature  is  discussed.  Various  formulas  given  are  developed  in 
three  appendixes. 

Discussion,  pages  1043-1050,  by  Messrs.  M.  T.  Crawford,  L.  T.  Merwin, 
J.  B.  Fisken,  S.  C.  Lindsay,  C.  R.  Collins,  H.  W.  Buck,  R.  Howes,  M.  E. 
Cheney  and  W.  A.  Del  Mar. 

A  general  discussion  with  special  emphasis  on  the  effect  on  temperature 
rise  of  adjacent  power  lines  and  crossovers.  Experiences  of  several  large 
power  companies. 

STBEL  CONDUCTORS  FOR  TRANSMISSION  LINES 
H.  B.  Dwifht  Vol.  jozt— Ul«.  pp.  1SS7-1S60 

This  paper  states  that  steel  cables  will  not  generally  be  economical  on 
main  transmission  lines,  except  for  long  spans,  and  for  high  altitudes 
where  corona  is  excessive.  They  may  be  advisable  as  bare  conductors 
for  d-c.  railway  feeders.  They  deteriorate  more  rapidly  than  copper 
conductors  and  have  very  low  scrap  value.  Steel  cables  for  alternating 
current  should  be  finely  stranded  and  different  groups  of  wire  should  be 
spiraled  in  opposite  directions.  Medium  grades  of  steel  give  better  results 
with  alternating  currents  than  high  priced  grades.  There  is  an  opening 
for  the  profitable  use  of  steel  cables  on  branch  lines  of  power  systems  of 
all  voltages. 

Discussion,  pages  1251-1258,  by  Messrs.  R.  E.  Doane,  T.  H.  Worcester, 
D.  B.  Rushmore,  S.  C.  Coey,  W.  T.  Snyder  and  H.  B.  Dwight. 

A  general  discussion. 

6.    MAGNETIC   PROPERTIES   AND   TESTING   OF   IRON 

IRON  LOSSES  IN  DIRECT-CURRENT  MACHINES 
B.  G.  Lamme  Vol.  zzxv— 1«1«,  pp.  S61.S86 

It  is  shown  that  no  great  accuracy  is  practicable  in  the  calculation  of 
actual  iron  losses,  except  in  special  cases.  A  brief  explanation  of  several 
causes  of  variation  in  losses  is  given. 

The  four  principal  sources  of  core  loss  are  considered,  namely — arma- 
ture-ring loss,  armature- tooth  loss,  eddy  currents  in  buried  conductors, 
and  pole-face  losses.  Under  eddy  current  losses  an  explanation  is  given  of 
certain  losses  not  usually  taken  into  account,  with  a  crude  method  of 
calculation  and  some  tabulated  results. 

Under  pole-face  losses  an  empirical  formula  is  given,  also  tabulated 
results. 

The  effect  of  load  on  losses  is  discussed  and  some  of  the  effects  of  flux 
distortion  on  losses  are  shown. 

Dis  ussion,  pages  287-299,  by  Messrs.  H.  F.  T.  Erben,  W.  S.  Moody, 
W.  B.  Potter,  F.  H.  Kierstead,  H.  M.  Hobart,  W.  J.  Foster,  J.  L.  Burn- 
ham,  L.  T.  Robinson,  A.  S.  Langsdorf  and  B.  G.  Lamme. 

A  general  discussion  of  iron  losses  in  d-c.  machines  and  transformers.^  t 
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8.  TRANSFORMERS 

THE  VOLTMBTBR  COIL  IN  TESTING  TRANSFORMERS 
A.  B.  Hendricki,  Jr.  Vol.  xzzy— 191S,  ^  117 

The  advantages  of  the  voltmeter  coil  in  the  determination  of  the  high- 
tension  voltage  in  testing  transformers. 

Discussion  incorporated  with  that  of  paper  by  W.  R.  Work  on  "Not^s 
on  the  Measurement  of  High  Voltage." 

EFFECT  OP  BAROMETRIC  PRESSURE  ON  TEMPERATURE  RISE  OF  SBLP- 
COOLBD  STATIONARY  INDUCTION  APPARATUS 
V.  M.  Montiinger  Vol.  xzxr— 1«1«.  pp.  Mt-CSe 

This  paper  is  divided  into  three  parts,  as  follows:  (1)  A  general  rcN-iew 
of  the  principal  laws  of  the  dissipation  of  heat,  radiation,  conduction  and 
convection.  (2)  The  development  of  a  simple  formula  for  the  effect  of 
altitude  on  the  cooling  of  surfaces  of  different  shapes.  (3)  A  general 
discussion  of  the  method  of  conducting  experimental  observations  at 
different  altitudes  on  three  different  shaped  surfaces. 

Discussion,  pages  627-633,  by  Messrs.  R.  W.  Sorensen,  A.  Gray  and 
V.  M.  Montsinger. 

A  general  discussion  of  methods  and  results  obtained. 

PROTECTION   OF   HIGH-VOLTAGE   DISTRIBUTION    SYSTEMS  BY   ISOLATING 

TRANSFORMERS 
O.  O.  Rider  Vol.  zxzy— 1916,  pp.  TIT-Tlf 

This  paper  calls  attention  to  the  practicability  of  localizing  line  dis- 
turbances by  means  of  transformers.  Application  is  made  to  high-voltage 
distribution  systems  serving  the  rural  communities  which  results  in  an 
interconnected  net  work  of  overhead  lines. 

Discussion,  pages  720-734,  by  Messrs.  E.  E.  F.  Creighton,  C.  P.  Stein- 
metz,  P.  H.  Chase,  J.  T.  Lawson,  J.  B.  Taylor,  J.  O.  Montignani,  R.  F. 
Schuchardt,  P.  Junkersfeld,  D.  B.  Rushmore,  D.  W.  Roper,  N.  S.  Dia- 
mant,  H.  Mouradian  and  N.  L.  Pollard. 

A  general  discussion  with  particular  reference  to  the  split-conductor 
principle  and  its  relation  to  ideal  relay  protection. 

9.  ELECTRICAL  MACHINERY  AND  APPARATUS 

THE  LIQUID  RHEOSTAT  IN  LOCOMOTIVE  SERVICE 

A.  J.  H«11  Vol.  zxzT— 1«1«,  pp.  IST-lTl 

A  description  of  the  liquid  rheostat  in  locomotive  service  giving  in  detail 
the  arrangement  of  the  mechanical  parts  and  means  of  controlling  it . 

Discussion,  pages  172-173,  by  Messrs.  C.  D.  Knight  and  R.  E. 
Hellmund. 

A  discussion  mainly  of  the  liquid  rheostat  used  in  mine-hoist  service. 

IRON  LOSSES  IN  DIRECT-CURRENT  MACHINES 

B.  G.  Lamme  •  Vol.  jozt— If  IS.  pp.  SSl-tM 

It  is  shown  that  no  great  accuracy  is  practicable  in  the  calculation  of 

actual  iron  losses,  except  in  special  cases.    A  brief  explanation  of  several 

causes  of  variation  in  losses  is  given.  f^ r\r>.ri\i> 
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The  four  principal  sources  of  core  loss  are  considered,  namely — armature- 
ring  loss,  armature- tooth  loss,  eddy  currents  in  buried  conductors,  and 
pole-face  losses.  Under  eddy  current  losses  an  explanation  is  given  of 
certain  losses  not  usually  taken  into  account  with  a  crude  method  of  cal- 
culation and  some  tabulated  results. 

Under  pole-face  losses  an  empirical  formula  is  given,  also  tabulated 
results. 

The  effect  of  load  on  losses  is  discussed  and  some  of  the  effects  of  flux 
distortion  on  losses  are  shown. 

Discussion,  pages  287-299,  by  Messrs.  H.  F.  T.  Erben,  W.  S.  Moody, 
W.  B.  Potter,  F.  H.  Kierstead,  H.  M.  Hobart,  W.  J.  Foster,  J.  L.  Burn- 
ham.  L.  T.  Robinson,  A.  S.  Langsdorf  and  B.  G.  Lamme. 

A  general  discussion  of  iron  losses  in  d-c,  machines  and  transformers. 

BLBCTRIC  DRIVB  FOR  REVERSING  ROLLING  MILLS 
WUfred  Sykes  and  DaWd  Hall  Vol.  zzzv— 191«,  pp.  lOl-llS 

This  paper  answers  some  of  the  questions  which  have  arisen  in  the 
rapid  displacement  of  steam  drive  by  electric  drive  for  reversing  rolling 
mills,  and  describes  the  constructions  which  have  been  found  desirable. 

Discussion,  pages  520-537,  by  Messrs.  K.  A.  Pauly,  E.  S.  Jeffries,  D.  M. 
Petty,  R.  Tschentscher,  H.  D.  James,  F.  G.  Liljenroth,  B.  Wiley,  H.  S. 
Page,  P.  Lindemann,  A.  Gray  and  W.  Sykes. 

A  discussion  of  the  relative  merit  of  steam  and  electric  drive  for  revers- 
ing mills.  Statistics  of  installation  at  Steel  Company  of  Canada.  Com- 
parison of  European  and  American  practise. 

MOTOR  EQUIPMENTS  FOR  THE  RECOVERY  OP  PETROLEUM 
W.  G.  Taylor  Vol.  zxzv— 191«,  pp.  63«.|«S 

This  paper  presents  data  covering  the  horse  power  requirements  and 
kilowatt-hour  consumption  for  the  various  operations  in  drilling  and 
maintaining  producing  oil  wells.  The  use  of  the  slip-ring  induction  motor 
for  drilling,  pumping  and  cleaning  wells.  Special  controllers  and  resist- 
ance. Pumping,  cleaning  and  "pulling"  rods  by  a  Y-delta  or  two  speed 
machine. 

Discussion,  pages  553-554,  by  Messrs.  F.  Woodbury  and  A.  M.  Dudley. 

General  discussion. 

EXPERIENCE  AND  RECENT  DEVELOPMENTS  IN  CENTRAL  STATION  PROTEC- 
TION FEATURES 
N.  L.  Pollard  and  J.  T.  Lawson  Vol.  zxxv— 191«.  pp.  6««-71« 

The  protective  features  described  in  this  paper  are  some  of  those  now 
in  use  on  the  system  of  the  Public  Service  Electric  Company,  which  serves 
a  population  of  about  2,200,000. 

The  protective  devices  and  schemes  discussed  are,  as  follows:  Alumi- 
num cell  arresters;  arcing  ground  suppressor;  faulty  cable  localizer;  cable 
testing;  high-potential  and  high-frequency  testing;  generator  bus  connec- 
tion scheme;  exciter  connection  scheme;  reactors;  relays;  multi -recorders; 
insulation  resistance  recorder;  air  washers;  resistance  bulbs  and  thermo- 
couples; dampers  on  air-blast  transformers;  coherer  alarm  devices; 
potential  indicating  devices. 
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Discussion  incorporated  with  that  of  paper  by  O.  O.  Rider  on  "Protec- 
tion of  High- Voltage  Distribution  Systems  by  Isolating  Transformers." 

BLECTRICAL  If  ACHINBRY  TESTS  AND  SPECIFICATIONS  BASED  ON  MODBRN 

STANDARDS 
H.  M.  Hobart  Vol.  zxzr— 1«1«,  pp.  Itit-ISBT 

Comparisons  are  made  of  the  standardization  rules  for  electrical 
machinery  now  in  force  in  various  countries  showing  that  machinery  built 
in  conformance  with  the  American  rules  will  usually  also  conform  with 
rules  employed  in  other  countries.  Suggestion  is  made  that  55  degrees 
could  be  employed  as  the  ambient  temperature  of  reference  for  tropical 
ratings.  Attention  is  called  to  a  series  of  acceptance  tests  on  some  large 
waterwheel  generators  and  to  the  temperature  results  obtained  by  making 
cyclic  heat  runs  on  these  machines. 

No  discussion. 

TEMPERATURE  DISTRIBUTIONS  IN  ELECTRICAL  MACHINERY 
B.  G.  Lamme  Vol.  jozt— 1*1«,  pp.  14T1-14M 

The  fundamental  principles  governing  heat  distribution  and  tempera- 
ture in  electrical  apparatus.  Heat  generation,  heat  flow  and  heat  dissipa- 
tion and  resultant  temperature  are  discussed.  Paths  of  heat  flow  and 
eflfects  of  heat  resistance  of  such  paths  discussed.  The  effects  of  rapid 
heat  flow  on  equalization  of  temperatures  and  on  their  measurement. 
Fallacies  in  temperature  guarantees  and  indications  pointed  out.  Some 
of  more  common  errors  in  methods  of  measurement  described. 

Discussion  incorporated  with  that  of  paper  by  F.  D.  Newbury  on  "Ra- 
tional Temperature  Guarantees  for  Large  A-C.  Generators. 

RATIONAL  TEMPERATURE  GUARANTEES  FOR  LARGE  A-C.  GENERATORS 
F.  D.  Newbury  Vol.  zzzr— 1«1«,  pp.  14tf-lt0t 

An  argument  for  the  standardization  of  temperature  guarantees  when 
based  on  internal  temperatures  as  measured  by  thermocouples.  It  is 
recommended  that  in  all  cases  the  maximum  safe  operating  temperature 
of  the  insulation  be  used  as  temperature  guarantee  instead  of  a  lower 
temperature.  Arguments  are  presented  from  the  standpoint  of  both 
operating  and  designing  engineers.  Curves  are  shown  illustrating  tem- 
perature conditions  in  stator  and  rotor  of  a  large  high-voltage  turbo- 
generator. Examples  are  given  showing  that  a  low  temperature  rise 
guarantee  for  the  stator  does  not  necessarily  result  in  overload  margin. 
To  be  certain  of  overload  margin,  specifications  must  call  for  maximum 
rating  desired. 

Discussion,  pages  1503-1522,  by  Messrs.  A.  Gray,  W.  J.  Foster,  C.  J. 
Fechheimer,  V.  M.  Montsinger,  P.  Junkersfeld,  P.  M.  Lincoln,  W.  C. 
Bauer,  N.  J.  Conrad,  C.  A.  Keller,  M.  M.  Flower,  B.  G.  Lamme  and 
F.  D.  Newbury. 

A  general  discussion. 

RUPTURING  CAPACITIES  OF  OIL  CIRCUIT  BREAKERS 
Stephen  Q.  Hayes  Vol.  zzrr— If  10,  pp.  16tt-lBM 

A  series  of  notes  on  the  rupturing  capacity  of  oil  breakers.  Descrip- 
tion of  result  obtained  by  root-mean-square  of  maximum  peak  of  current 
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•wave  that  occurs  while  breaker  is  opening  multiplied  by  root-mean- 
square  of  open-circuit  voltage  that  occurs  immediately  after  breaker 
opens.  Attention  called  to  different  classes  of  ratings.  Recommenda- 
tions made  as  to  most  desirable  method  of  rating  and  abihty  of  breakers 
to  be  re-operative. 

Discussion  incorporated  with  that  of  paper  by  E.  M.  Hewlett  on 
"Rating  of  Oil  Circuit  Breakers". 

RATING  OF  OIL  CIRCUIT  BREAKERS 
B.  M.  Hewlett  VoL  xzxv— 1916,  pp.  IMl-lfSS 

Paper  points  out  several  difficulties  which  are  encountered  in  rating  of 
actual  circuit  breakers,  but  generally  favors  that  these  ratings  be  on 
the  basis  of  the  current  to  be  opened  in  the  arc  at  the  operating  voltage 
of  the  system. 

Discussion^  pages  1534-1549,  by  Messrs.  C.  Lichtenberg,  N.  L.  Pollard, 
G.  A.  Burnham,  J.  L.  Harper,  H.  W.  Buck,  J.  B.  Taylor,  K.  C.  Randall, 
L.  E.  Imlay,  C.  A.  Adams,  E.  M.  Hewlett,  S.  Q.  Hayes,  H.  R.  Summer- 
hayes.  P.  M.  Lincoln.  L.  W.  Chubb  and  P.  Lindemann. 

A  general  discussion. 

11.  POWER  PLANTS  AND  CENTRAL  STATIONS 

THE  MUlflCIPALLY-OPERATED  ELECTRICAL  UTILITIES  OF  WESTERN  CANADA 
A.  G.  Christie  Vol.  zzxr— 1916,  pp.  SS-87 

The  paper  discusses  a  number  of  public  utilities  in  various  cities  in 
Western  Canada.  The  characteristics  of  these  cities  are  reviewed  and  a 
brief  outline  of  equipments  of  the  various  plants  is  given.  The  costs  and 
methods  of  financing  these  utilities  are  discussed  at  considerable  length 
and  the  charges  for  various  services  are  summarized. 

Discussion^  pages  88-98,  by  Messrs.  P.  Betts,  H.  G.  Stott,  R.  P.  Bolton, 
E.  J.  Cheney,  C.  H.  Sharp,  A.  Reid  and  A.  G.  Christie. 

A  general  discussion  of  the  advantages  and  disadvantages  of  municipal 
ownership  of  public  utilities  and  methods  of  financing  them. 

THE  POWER  COMPANY'S  PROBLEM  IN  THE  ELECTRIC  SUPPLY  FOR  LARGE 

SINGLE-PHASE  LOAD 
W.  C.  L.  Edin  Vol.  zxxv— 191«.  pp.  lt8*-ltM 

A  power  company  must  be  able  to  supply  energy  of  uniform  pressure, 
single-phase,  two-phase  or  three-phase,  at  whatever  voltage  best  suits 
customer.  These  conditions  best  met  by  polyphase  units.  When  de- 
mand for  single-phase  current  is  heavy  enough  to  produce  unbalance, 
some  means  of  balancing  must  be  provided.  Three  methods  are  discussed. 
Correction  for  power  factor  on  each  individual  large  consumer's  line  is 
suggested. 

Discussion  incorporated  with  that  of  paper  by  Philip  Torchio  on 
"Supply  of  Single-Phase  Loads  from  Central  Stations". 

SUPPLY  OF  SINGLE-PHASE  LOADS  FROM  CENTRAL  STATIONS 
Philip  Torchio  Vol.  izrr->lSl«,  pp.  IMS-lSOl 

American  central  stations  have  extensively  adopted  single-phase  dis- 
tribution  from   polyphase   stations.     Individual    regulators    employ ^flTz-^QQlp 
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Generators  with  good  single-phase  characteristics  or  in  certain  cases 
generators  with  kilovolt  ampere  rating  in  excess  of  kilowatt  capacity  of 
steam  unit  are  employed.  Customers  assist  balancing  by  dividing  load 
between  phases.  Question  of  power  supply  to  N.  Y.»  N.  H.  &  H.  RR. 
discussed.     Equipment  described. 

Discussion,  including  that  of  paper  by  W.  C.  L.  Eglin,  pages  1302-1313. 
by  Messrs.  W.  S.  Murray,  P.  Junkersfeld,  D.  B.  Rushmore,  L.  E.  Imlay, 
H.  R.  Summerhayes,  N.  W.  Storer,  E.  H.  Martindale,  E.  F.  W.  Alexander- 
son,  J.  L.  Harper.  H.  W.  Buck,  J.  E.  Kershner,  C.  P.  Scott,  W.  C.  L. 
Eglin,  P.  Torchio,  F.  Osgood  and  C.  F.  Harding. 

General  discussion. 

SINGLE-PHASE  POWER  PRODUCTION 
E.  F.  W.  Alezanderson  and  G.  H.  HiU  Vol.  zzxr— 1«1«,  pp.  Uie-llST 

The  general  tendency  of  electric  power  supply  is  toward  centralization 
of  stations  and  to  be  consistent  stations  must  be  standardized.  From 
this  standpoint  single-phase  power  can  best  be  supplied  from  polyphase 
systems.     Operation  and  theory  of  phase  converters  discussed. 

Discussion  incorporated  with  that  of  paper  by  Oilman  and  Fortescue 
on  "Single- Phase  Power  Service  from  Central  Stations". 


SINGLE-PHASE  POWER  SERVICE  FROM  CENTRAL  STATIONS 
R.  E.  GilnMn  and  C.  L.  Fortescue  Vol.  zzxv— 191«,  pp.  ISM-IMT 

An  outline  of  several  methods  by  which  single-phase  power  may  be 
supplied  from  a  polyphase  system  with  advantages  and  disadvantages. 
Unbalance  in  voltage  when  single-phase  power  is  supplied  direct  from 
polyphase  circuit  explained.  Law  of  distribution  of  load  in  polyphase 
system  deduced.  Outline  of  theory  of  single-phase  generator  given. 
Essential  requirements  for  phase  balancing,  requirements  for  control 
apparatus,  behavior  of  balancer  under  short  circuit. 

Discussion^  (including  that  of  paper  by  Alexanderson  and  Hill),  pages 
1348-1368,  by  Messrs.  R.  E.  Doherty,  H.  G.  Reist.  H.  L.  Wallau,  H.  R. 
Summerhayes,  R.  E.  Oilman,  W.  C.  L.  Eglin,  B.  A.  Behrend,  C.  A.  Adams, 
D.  W.  Roper,  G.  H.  Hill.  P.  Torchio,  P.  Junkersfeld,  C.  F.  Scott,  H.  C. 
Albright,  E.  F.  W.  Alexanderson,  and  C.  L.  Fortescue. 

A  general  discussion  of  the  advantages  of  various  methods  of  single- 
phase  generation  and  operation  with  some  facts  relative  to  comparative 
costs. 

12.  PARALLEL  OPERATION 

ELECTRICAL  MACHINERY  TESTS  AND  SPECIFICATIONS  BASED  ON  MODERN 

STANDARDS 
H.  M.  Hobart  Vol.  xzxr— ISIS,  pp.  ISM-IMT 

Comparisons  are  made  of  the  standardization  rules  for  electrical  ma- 
chinery now  in  force  in  various  countries  showing  that  machinery  built 
in  conformance  with  the  American  rules  will  usually  also  conform  with 
rules  employed  in  other  countries.  Suggestion  is  made  that  55  d^rees 
could  be  employed  as  the  ambient  temperature  of  reference  for  tropical 

ratings.     Attention  is  called  to  a  series  of  acceptance  tests~^n  some  large 
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waterwheel  generators  and  to  the  temperature  results  obtained  by  making 
cyclic  heat  runs  on  these  machines. 
No  discussion. 

13.  TRANSMISSION  LINES 

OUTLINE  OP  THEORY  OF  IMPULSE  CURR'BNTS 
C.  P.  Steinmetz  VoL  zzxt— 1916,  pp.  1-SO 

In  Part  I  it  is  shown  how,  from  the  integral  of  the  general  differential 
equation  of  the  electric  circuit,  which  has  been  discussed  in  a  previous 
paper,  all  types  of  electric  currents  are  derived  as  special  cases,  corres- 
ponding to  particular  values  of  the  integration  constants. 

In  Part  II  an  outline  of  the  theory  of  impulse  currents  is  given.  They 
comprise  two  clalses,  the  non-periodic  and  the  periodic.  The  equations 
of  both  are  given  in  different  form,  by  exponential  and  by  hyperbolic 
or  trigonometric  functions. 

A  few  special  cases  are  discussed. 

Discussion,  pages  20-31,  by  Messrs.  C.  P.  Steinmetz,  M.  I.  Pupin, 
H.  Pender,  H.  Lippelt  and  A.  E.  Kennelly. 

A  discussion  of  the  advantages  of  the  synthetic  and  analytic  methods 
of  studying  engineering  phenomena.  A  development  of  the  special  cases 
under  impulse  currents  of  the  circuit  having  capacity  in  series. 

REPORT  OF  THE  TRANSMISSION  COMMITTEE 
Percy  H.  Thomas,  Chairman  Vol.  zxxv — 1916,  pp.  666-68S 

I.  Data  from  Operating  Plants  on  the  Effect  of  Altitude  on  the 
Operating  Temperature  Rise  of  Electricah  Apparatus. 

II.  Experience  with  Grounded  Neutral  on  High-Tension  Transmission 
Lines. 

Discussion,  pages  584-597,  by  Messrs.  N.  A.  Carle,  M.  O.  Troy,  P. 
Junkersfeld,  E.  E.  F.  Creighton,  D.  B.  Rushmore,  J.  T.  Lawson,  J.  B. 
Taylor,  P.  H.  Chase,  H.  R.  Woodrow,  E.  C.  Stone,  F.  L.  Hunt,  L.  N. 
Crichton,  R.  F.  Schuchardt,  E.  T.  Street,  H.  Goodwin,  Jr.,  W.  A.  Carter 
and  B.  Price. 

A  general  discussion  of  experience  with  systems,  grounded  and  un- 
grounded. Very  complete  description  of  the  Victoria  Falls  and  Transvaal 
Power  Company,  Ltd.,  and  the  Rand  Mines  Power  Supply  Co.,  Ltd. 

THE  RESTORATION   OF  SERVICE  AFTER  A  NECESSARY  INTERRUPTION 
F.  E.  Ricketts  Vol.  xzzy— 1916,  pp.  63i-648 

The  phenomenal  growth  during  the  last  few  years  in  the  electrical 
industry  has  been  due  as  much  to  the  marked  advances  in  the  methods 
of  maintaining  a  uniform  service  as  to  any  other  cause.  Attention  is 
called  to  that  class  of  interruptions  which  so  far  have  been  and  will 
likely  continue  to  be  unavoidable  and  a  full  description  is  given  of  certain 
means  whereby  the  effect  of  unavoidable  interruptions  may  be  reduced 
to  a  minimum. 

Discussion,  pages  649-654,  by  Messrs.  H.  Goodwin,  Jr.,  R.  F.  Schuch- 
ardt, H.  R.  Woodrow,  E.  T.  Street,  G.  A.  Burnham,  J.  B.  Taylor,  L.  N. 
Crichton  and  J.  T.  Kelly,  Jr. 

A  general  discussion  of  protective  features  in  use  on  various  systems^  , 
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MBGGER  AND  OTHER  TESTS  ON  SUSPENSION  INSULATORS 
F.  L.  Hunt  Vol.  zzzv— If  It.  pp.  TS9-TS8 

This  paper  gives  the  results  of  megger  tests  made  on  disk  insulators  on 
a  66,000-volt  transmission  line  in  Massachusetts  after  2.5  years  operation. 
The  percentage  of  failures  in  different  positions  in  the  string  is  given  on 
both  strain  and  suspension  towers.  The  actual  cost  of  making  these 
tests  under  different  conditions  of  weather  and  of  service  requirements 
is  given  per  insulator  on  the  line,  per  bad  insulator  and  per  tower. 

Discussion  incorporated  with  that  of  paper  by  R.  H.  Marvin,  on  *A 
New  Method  of  Grading  Suspension  Insulators**. 

THEORY  OP  PARALLEL  GROUNDED  WIRES  AND  PRODUCTION  OF  HIGH 
FREQUENCIES  IN  TRANSMISSION  UNE9 
E.  E.  F.  Creichton  Vol.  xzxv— 191S,  pp.  I 


An  investigation  of  the  value  of  the  overhead  grounded  wire  as  used 
for  lightning  protection,  mechanical  support  for  towers,  and  a  test  circuit. 
The  functions  of  the  grounded  wire  are  subdivided  into  four  categories; 
first,  the  vertical  grounded  wire;  second,  the  lightning  rod  extending  above 
the  ground;  third,  the  electrostatic  induction  in  the  horizontally  situated 
wires;  and  fourth,  electromagnetic  induction.  The  several  factors  de- 
termining the  protective  value  of  a  ground  wire  are  fully  investigated. 
Equations  expressing  the  protection  of  various  arrangements  of  vertical 
and  parallel  grounded  wires  are  developed. 

Discussion,  pages  889-893,  by  Messrs.  H.  S.  Osborne,  N.  S.  Diamant, 
J.  B.  Taylor,  J.  B.  Whitehead,    L.  W.  Chubb  and  E.  E.  F.  Creighton. 

A  general  discussion.  • 

TESTING  FOR  DEFECTIVE  INSULATORS  ON  HIGH-TENSION    TRANSMISSION 

LINES 

B.  6.  Flaherty  Vol.  xzxv-1916,  w-  lOM-1109 

A  discussion  of  the  importance  and  necessity  of  field  tests  on  high- 
tension  insulators  and  three  methods  of  making  such  tests,  viz;  with  the 
oscillator,  the  megger,  and  the  telephone  receiver.  The  latter  is  described 
in  detail  and  some  data  given  on  its  develpment  and  use  on  a  60,000- 
volt-line.  Laboratory  checks  on  defective  instdators  are  given.  Figures 
of  cost  for  locating  and  replacing  defective  units  are  given.  A  method 
of  studying  rate  of  depreciation  is  outlined. 

Discussion,  pages  1110-1129,  by  Messrs.  H.  J,  Ryan,  L.  T.  Merwin, 
E.  A.  Loew,  J.  B.  Taylor,  C.  E.  Magnusson,  M.  T.  Crawford,  W.  D. 
Peaslee,  R.  W.  Pope,  C.  P.  Osborne,  G.  Harding,  B.  G.  Flaherty.  S.  C. 
Lindsay,  J.  P.  Jollyman,  J.  Mini,  Jr.,  and  E.  E.  Creighton. 

Advantages  and  disadvantages  of  various  methods  of  detecting  and 
testing  faulty  insulators,  question  of  removal,  oil  impregnation  of  porous 
insulators,  value  of  grounded  neutral,  etc. 

AN  ARTIFICIAL  TRANSMISSION  LINE  WITH  ADJUSTABLE  UNB  CONSTANTS 

C.  Edward  Magnusson  and  S.  R.  Burbank  Vol.  jozt— UlS,  pp.  IIST-Udf 

A  description  of  an  artificial  transmission  line  which  can  be  readily 
adjusted  to  represent  200  miles  (321.86  km.)  of  commerical  transmission 
lines  of  any  spacing  up  to  a  maximum  of  120  in.  (3  ip.)  an4  of  any  size 
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wire  up  to  4/0  copper.  It  can  also  be  made  to  correspond  to  aerial  or 
cable  telephone  lines  and  to  power  cables.  The  use  of  this  line  is  illus- 
trated by  a  number  of  typical  experiments. 

Discussion,  pages  1150-1153,  by  Messrs.  L.  J.  Corbett,  W.  D.  Peaslee, 
J.  D.  Ross,  S.  R.  Burbank,  C.  A.  Whipple  and  C.  E.  Magnusson. 

A  general  discussion  of  the  value  of  artificial  transmission  lines. 

STBBL  CONDUCTORS  FOR  TRANSMISSION  LINBS 
H.  B.  Dwight  Vol.  zxzt— 1916.  pp.  ISST-lSiO 

This  paper  states  that  steel  cables  will  not  generally  be  economical  on 
main  transmission  lines,  except  for  long  spans,  and  for  high  altitudes  where 
corona  is  excessive.  They  may  be  advisable  as  bare  conductors  for  d-c. 
railway  feeders.  They  deteriorate  more  rapidly  than  copper  conductors 
and  have  very  low  scrap  value.  Steel  cables  for  alternating  current  should 
be  finely  stranded  and  different  groups  of  wires  should  be  spiraled  in 
opposite  drections.  Medium  grades  of  steel  give  better  results  with 
alternating  currents  than  high  priced  grades.  There  is  an  opening  for 
the  profitable  use  of  steel  cables  on  branch  lines  of  power  systems  of 
all  voltages. 

Discussion,  pages  1251-1258,  by  Messrs.  R.  E.  Doane,  T.  H.  Worcester, 
D.  B.  Rushmore,  S.  C.  Coey,  W.  T.  Snyder  and  H.  B.  Dwight. 

A  general  discussion. 

14.  ELECTRIC  SERVICE  DISTURBANCES  AND 
PROTECTION 

OUTLINB  OF  THBORY  OF  IMPULSB  CURRBNTS 
C.  P.  Steinmetz  Vol.  xzzr— 1916.  pp.  1-SO 

In  Part  I  it  is  shown  how,  from  the  integral  of  the  general  differential 
equation  of  the  electric  circuit,  which  has  been  discussed  in  a  previous 
paper,  all  types  of  electric  currents  are  derived  as  special  cases,  corres- 
ponding to  particular  values  of  the  integration  constants. 

In  Part  II  an  outline  of  the  theory  of  impulse  currents  is  given.  They 
comprise  two  classes,  the  non-periodic  and  the  periodic.  The  equations 
of  both  are  given  in  different  form,  by  exponential  and  by  hyperbolic  or 
trigonometric  functions. 

A  few  special  cases  are  discussed. 

Discussion,  pages  20-31,  by  Messrs.  C.  P.  Steinmetz,  M.  I.  Pupin, 
H.  Pender,  H.  Lippelt  and  A.  E.  Kennelly. 

A  discussion  of  the  advantages  of  the  synthetic  and  analytic  methods 
of  studying  engineering  phenomena.  A  development  of  the  special  cases 
under  impulse  currents  of  the  circuit  having  capacity  in  series. 

CREST  VOLTMETBRS 
C.  H.  Sharp  and  B.  D.  Doyla  Vol.  xzkt— 1916,  pp.  99>107 

The  paper  shows  how  a  voltmeter  which  will  read  directly  the  maximum 
or  crest  values  obtained  in  high-voltage  testing  may  be  constituted  by  a 
combination  of  an  electrostatic  voltmeter  and  an  electric  valve.    Diagram^  ^ 
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of  connection  are  shown  and  results  of  test  given  to  indicate  the  validity 
of  the  method. 

Discussion  incorporated  with  that  of  paper  by  W.  R.  Work  on  "Notes 
on  the  Measurement  of  High  Voltage." 

THB  VOLTMBTER  COa  IN  TESTING  TIUNSFORMSRS 
A.  B.  Hendricks,  Jr.  Vol.  zzzr— 191S,  p.  117 

The  advantages  of  the  voltmeter  coil  in  the  determination  of  the  high- 
tension  voltage  in  testing  transformers. 

Discussion  incorporated  with  that  of  paper  by  W.  R.  Work  on  "Notes 
on  the  Measurement  of  High  Voltage." 

THB  CRBST  VOLMBTBR 
L.  W.  Chubb  Vol.  xzzr— 1916,  pp.  109-116 

This  paper  mentions  and  compares  some  of  the  methods  of  high -voltage 
measurement  and  describes  in  more  detail  the  crest  voltmeter  with  its 
construction,  operation,  accuracy  and  application.  The  summary  states 
that  spark  gaps  should  be  only  a  calibrating  standard  and  a  more  practical 
instrument,  such  as  described,  the  preferred  working  standard. 

Discussion  incorporated  with  that  of  paper  by  W.  R.  Work  on  "Notes 
on  the  Measurement  of  High  Voltage." 

NOTBS  ON  THB  MBASURBMBNT  OF  HIGH  VOLTAGB 
W.  R.  Work  Vol.  zzxy~1916»  pp.  119-1S6 

A  brief  account  of  some  of  the  experiments  made  to  determine  the 
relative  accuracy  of  certain  methods  used  in  measuring  high  voltage. 
The  methods  comprise  the  use  of  a  tertiary  (or  voltmeter)  coil  in  the  high- 
tension  transformer,  the  crest  voltmeter  and  the  derivation  of  the  high- 
tension  pressure  from  the  primary  voltage. 

Discussion  (including  that  of  papers  by  Sharp  and  Doyle,  L.  W.  Chubb 
and  A.  B.  Hendricks),  pages  127-146,  by  Messrs.  E.  E.  F.  Creighton,  F.AV. 
Peek,  Jr.,  F.  M.  Farmer,  F.  Bedell,  C.  A.  Adams,  W.  I.  Middleton,  J.  R. 
Craighead,  C.  L.  Dawes,  J.  B.  Whitehead,  L.  W.  Chubb,  C.  H.  Sharp, 
C.  F.  Harding,  W.  D.  Peaslee,  M.  G.  Newman  and  A.  B.  Hendricks,  Jr. 

A  general  discussion  with  particular  reference  to  the  oscillograph  and 
visual  corona  methods  of  measuring  crest  voltage. 

RBPORT  OF  THE  TRANSMISSION  COMMITTBB 
Porcy  H.  Thomas,  Chairman  Vol.  zzxr — 1916,  pp.  MI-MS 

I.  Data  from  Operating  Plants  on  the  Effect  of  Altitude  on  the  Oper- 
ating Temperature  Rise  of  Electrical  Apparatus. 

II.  Experience  with  Grounded  Neutral  on  High-Tension  Transmission 
Lines. 

Discussion,  pages  584-597,  by  Messrs.  N.  A.  Carte,  M.  O.  Troy,  P. 
Junkersfeld,  E.  E.  F.  Creighton,  D.  B.  Rushmore,  J.  T.  Lawson,  J.  B. 
Taylor,  P.  H.  Chase,  H.  R.  Woodrow,  E.  C.  Stone,  F.  L.  Hunt,  L.  N. 
Crichton,  R.  F.  Schuchardt,  E.  T.  Street,  H.  Goodwin,  Jr..  W.  A.  Carter 
and  B.  Price. 

A  general  discussion  of  experience  with  systems,  grounded  and  un- 
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grounded.    Very  complete  description  of  the  Victoria  Falls  and  Transvaal 
Power  Company,  Ltd.,  and  the  Rand  Mines  Power  Supply  Co.,  Ltd. 

THB  RBSTORATION  OF  SBRVICB  AFTER  A  NBCBSSARY  INTBRRUPTION 
F.  E.  Ricketts  Vol.  xxzr— 1916,  pp.  6Sf-648 

The  phenomenal  growth  during  the  last  few  years  in  the  electrical 
industry  has  been  due  as  much  to  the  marked  advances  in  the  methods  of 
maintaining  a  uniform  service  as  to  any  other  cause.  Attention  is  called 
to  that  class  of  interruptions  which  so  far  have  been  and  will  likely  con- 
tinue to  be  unavoidable  and  a  full  description  is  given  of  certain  means 
whereby  the  effect  of  unavoidable  interruptions  may  be  reduced  to  a 
minimum. 

Discussion^  pages  649-054,  by  Messrs.  H.  Goodwin,  Jr.,  R.  F.  Schuc- 
hardt,  H.  R.  Woodrow,  E.  T.  Street,  G.  A.  Bumham,  J.  B.  Taylor,  L.  N. 
Crichton  and  J.  T.  Kelly,  Jr. 

A  general  discussion  of  protective  features  in  use  on  various  systems. 

STUDIBS  IN  LIGHTNING   PROTECTION   ON  4000-VOLT  CIRCUITS  ' 
D.  W.  Roper  Vol.  zzxr— 1916,  pp.  655-694 

Investigations  over  a  five  year  period  on  a  distributing  system  covering 
about  180  square  miles  of  the  city  of  Chicago,  supplying  about  250,000 
customers  through  about  16,000  transformers.  A  number  of  theories 
were  tried  out  in  practise  and  results  are  given  in  detail.  The  conditions 
during  the  year  1915  and  records  obtained  from  lightning  storms  during 
the  year  are  set  forth  by  means  of  maps,  drawings  and  tables.  An  analysis 
of  results  is  followed  by  a  list  of  conclusions. 

Discussion f  incorporated  with  that  of  paper  by  O.  O.  Rider  on  "Protec- 
tion of  High- Voltage  Distribution  Systems  by  Isolating  Transformers." 

EXPBRIBNCB  AND  RBCBNT  DBVBLOPMBNTS  IN  CBNTRAL  STATIONS  PROTEC- 
TION FBATURES 
N.  L.  PolUrd  and  J.  T.  Lawson  Vol.  xzzt— 1916,  pp.  695-715 

The  protective  features  described  in  this  paper  are  some  of  those  now 
in  use  on  the  system  of  the  Public  Service  Electric  Company,  which 
serves  a  population  of  about  2,200,000. 

The  protective  devices  and  schemes  discussed  are,  as  follows:  Alumi- 
num cell  arresters;  arcing  ground  suppressor;  faulty  cable  localizer;  cable 
testing;  high-potential  and  high-frequency  testing:  generator  bus  connec- 
tion scheme;  exciter  connection  scheme;  reactors;  relays;  multi-recorders; 
insulation  resistance  recorder;  air  washers;  resistance  bulbs  and  thermo- 
couples; dampers  on  air-blast  transformers;  coherer  alarm  devices;  poten- 
tial indicating  devices. 

Discussion  incorporated  with  that  of  paper  by  O.  O.  Rider  on  "Protec- 
tion of  High- Voltage  Distribution  Systems  by  Isolating  Transformers." 

PROTECTION   OF   HIGH-VOLTAGE   DISTRIBUTION   SYSTEMS   BY  ISOLATING 

TRANSFORMERS 
O.  O.  Rider  Vol.  xzz7— 1916,  pp.  717-719 

This  paper  calls  attention  to  the  practicability  of  localizing  line  dis- 
turbances by  means  of  transformers.    Application  is  made  to  high-voltage 
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(listril)ution  systems  serving  the  rural  communities  which  results  in  an 
interconnected  net  work  of  overhead  lines. 

Discussion,  pages  720-734,  by  Messrs.  E.  E.  F.  Creighton,  C.  P.  Stein- 
metz,  P.  H.  Chase,  J.  T.  Lawson,  J.  B.  Taylor,  J.  O.  Montignani.  R.  P. 
Schuchardt,  P.  Junkersfeld,  D.  B.  Rushmore,  D.  W.  Roper,  N.  S.  Dia- 
mant,  H.  Mouradian  and  N.  L.  Pollard. 

A  general  discussion  with  particular  reference  to  the  split-conductor 
principle  and  its  relation  to  ideal  relay  protection. 

MEGGBR  AlfD  OTHER  TESTS  ON  SUSPENSION  INSULATORS 
F.  L.  Hunt  Vol.  zzxr— 1916,  pp.  7Sf-7S8 

This  paper  gives  the  results  of  megger  tests  made  on  disk  insulators  on  a 
66,000- volt  transmission  line  in  Massachusetts  after  2.5  years  operation. 
The  percentage  of  failures  in  different  positions  in  the  string  is  given  on 
both  strain  and  suspension  towers.  The  actual  cost  of  making  these  tests 
under  different  conditions  of  weather  and  of  service  requirements  is  given 
per  insulator  on  the  line,  per  bad  insulator  and  per  tower. 

Discussion  incorporated  with  that  of  paper  by  R.  H.  Marvin  on  "A 
New  Method  of  Grading  Suspension  Insulators." 

THEORY  OF  PARALLEL  GROUNDED  WIRES  AND  PRODUCTION  OF  HIGH 

FREQUENCIES  IN  TRANSMISSION  LINES 

£.  E.  F.  Creighton  Vol.  zzzr— 1916,  pp.  84»-<88 

An  investigation  of  the  value  of  the  overhead  grounded  wire  as  used 
for  lightning  protection,  mechanical  support  for  towers,  and  a  test  circuit. 
The  functions  of  the  grounded  wire  are  subdivided  into  four  categories: 
first,  the  vertical  grounded  wire;  second,  the  lightning  rod  extending  above 
the  ground:  third,  the  electrostatic  induction  in  the  horizontally  situated 
wires;  and  fourth,  electromagnetic  induction.  The  several  factors  de- 
termining the  protective  value  of  a  ground  wire  are  fully  investigated. 
Equations  expressing  the  protection  of  various  arrangements  of  vertical 
and  parallel  grounded  wires  are  developed. 

Discussion,  pages  889-893,  by  Messrs.  H.  S.  Osborne,  N.  S.  Diamant, 
J.  B.  Taylor,  J.  B.  Whitehead,  L.  W.  Chubb  and  E.  E.  F.  Creighton. 

A  general  discussion. 

INDUCTIVE  INTERFERENCE  AS  A  PRACTICAL  PROBLEM 
A.  H.  Griswold  and  R.  W.  Mastick  Vol.  zzzr— 1916,  pp.  1M1-1M7 

A  review  of  the  factors  which  affect  inductive  interference  in  telephone 
circuits  from  high-voltage  power  transmission  circuits,  a  presentation  of 
practical  considerations  regarding  the  reduction  of  interference,  and 
description  of  actual  cases  of  the  application  of  these  means  of  reduction. 
Balanced  and  residual  voltages  and  currents,  wave  shapes  of  voltages  and 
currents,  transposition  schemes,  three  particular  cases  of  parallels. 

Discussion,  pages  1088-1094,  by  Messrs.  F.  Bedell,  L.  T.  Merwin. 
J.  B.  Fisken,  W.  D.  Peaslee,  R.  F.  Robinson,  L.  J.  Corbett,  C.  A.  Whipple 
and  R.  W.  Mastick. 

A  discussion  of  effects  of  leaking  insulators,  charging  electrolytic  ar- 
resters, carelessness  in  making  transpositions  and  an  appeal  for  cooper^^tioQ 
of  telephone  and  power  companies.  ^^  j 
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TESTING  FOR  DBFECTIVB    INSULATORS  ON  HIGH-TENSION  TRANSMISSION 

LINES 

B.  G.  Flaherty  Vol.  zzz7— 1916.  pp.  109f-1109 

A  discussion  of  the  importance  and  necessity  of  field  tests  on  high- 
tension  insulators  and  three  methods  of  making  such  tests,  viz;  with  the 
oscillator,  the  megger,  and  the  telephone  receiver.  The  latter  is  de- 
scribed in  detail  and  some  data  given  on  its  development  and  use  on  a 
60,000- volt  line.  Laboratory  checks  on  defective  insulators  are  given. 
Figures  of  cost  for  locating  and  replacing  defective  units  are  given.  A 
method  of  studying  rate  of  depreciation  is  outlined. 

Discussion,  pages  1110-1129,  by  Messrs.  H.  J.  Ryan,  L.  T.  Merwin, 
E.  A.  Loew,  J.  B.  Taylor,  C.  E.  Magnusson,  M.  T.  Crawford,  W.  D. 
Peaslee,  R.  W.  Pope,  C.  P.  Osborne,  G.  Harding,  B.  G.  Flaherty,  S.  C. 
Lindsay,  J.  P.  Jollyman,  J.  Mini,  Jr.  and  E.  E.  Creighton. 

Advantages  and  disadvantages  of  various  methods  of  detecting  and 
testing  faulty  insulators,  question  of  removal,  oil  impregnation  of  porous 
insulators,  value  of  grounded  neutral,  etc. 

THE  HIGH-VOLTAGE  POTENTIOMETER 
Harris  J.  Ryan  Vol.  xxzy— 1916,  pp.  1181-11S6 

Description  of  a  high-voltage  potentiometer  which  may  be  made  at 
reasonable  expense  consisting  of  a  water  resistance  potential  distributor 
and  a  sparking  probe  potential  difference  detector.  The  results  of  an 
integrity  trial  are  charted.  The  device  is  intended  for  investigations  in 
which  the  results  are  not  required  to  be  known  within  2  or  3  per  cent  of 
their  actual  value. 

No  discussion. 

CHARACTERISTICS  OF  ADMITTANCE  TYPE  OF  WAVE-FORM  STANDARD 
Frederick  BedeU  Vol.  zzzt— 1916,  pp.  1155-1170 

A  description  of  the  characteristics  of  a  certain  type  of  standard  for 
determining  how  near  an  actual  wave  is  to  a  true  sine  wave  and  for  pre- 
scribing allowable  limits  of  deviation.  An  investigation  to  determine 
whether  a  standard  can  be  specified  that  will  be  more  suitable  in  its 
characteristics  and  more  practical  in  its  application. 

Discussion,  pages  1171-1186,  by  Messrs.  H.  S.  Osborne,  L.  F.  Curtis, 

C.  E.  Magnusson,  L.  W.  Chubb,  L.  T.  Merwin,  L.  J.  Corbett,  J.  B.  Fisken, 
W.  D.  Peaslee,  H.  J.  Ryan,  R.  W.  Mastick,  F.  Bedell  and  Report  by 
Joint  Committee  on  Inductive  Interference. 

A  discussion  of  the  various  factors  involved  in  the  selection  of  a  wave- 
shape standard  and  the  penalizing  of  upper  harmonics.  An  appeal 
for  cooperation  between  power  companies,  telephone  companies  and 
manufacturers. 

INSULATOR  FAILURES  UNDER  TRANSIENT  VOLTAGES 
W.  D.  Peaslee  Vol.  zzzr— 1916,  pp.  1187-1194 

This  paper  presents  the  results  of  recent  investigations  on  the  failure 
of  insulators  under  impact  and  combined  impact  and  normal  frequency 
voltages.  Microphotographs  are  included.  The  breakdown  of  a  dielec- 
tric involves  energy  which  is  a  time  function,  and  the  importa-nce  of(tlte^^^Tp 
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duration  of  the  stress  in  determining  the  magnitude  of  the  voltage  neces- 
sary to  puncture  an  insulator  are  discussed.  The  importance  of  the  elimin- 
ation of  air  holes  and  defects  in  porcelain  is  shown.  Some  essential 
features  of  a  successful  line  insulator  are  stated. 

Discussion,  pages  1195-1205,  by  Messrs.  J.  B.  Fisken,  W.  D.  Peaslee. 
R.  Howes,  L.  T.  Merwin,  H.  J.  Ryan,  R.  W.  Mastick,  R.  M.  Boykin, 
A.  A.  Miller  and  E.  E.  F.  Creighton. 

A  general  discussion  including  experiences  of  certain  power  transmission 
lines. 

STBBL  CONDUCTORS  FOR  TRANSMISSION  LINBS 
H.  B.  Dwicht  Vol.  xxzy— 1«1S,  pp.lia7-lSM 

This  paper  states  that  steel  cables  will  not  generally  be  economical  on 
main  transmission  lines,  except  for  long  spans,  and  for  high  altitudes 
where  corona  is  excessive.  They  may  be  advisable  as  bare  conductors 
for  d-c.  railway  feeders.  They  deteriorate  more  rapidly  than  copper 
conductors  and  have  very  low  scrap  value.  Steel  cables  for  alternating 
current  should  be  finely  stranded  and  different  groups  of  wire  should  be 
spiraled  in  opposite  directions.  Medium  grades  of  steel  give  better 
results  with  alternating  currents  than  high  priced  grades.  There  is  an 
opening  for  the  profitable  use  of  steel  cables  on  branch  lines  of  power 
systems  of  all  voltages. 

Discussion,  pages  1251-1258,  by  Messrs.  R.  E.  Doane,  T.  H.  Worcester, 
D.  B.  Rushmore,  S.  C.  Coey,  W.  T.  Snyder  and  H.  B.  Dwight. 

A  general  discussion. 

16.  DISTRIBUTION  SYSTEMS 

REPORT  OF  THB  TRANSMISSION  COMMITTBB 
Percy  H.  Thomas,  Chairman  Vol.  xxzy— 1916,  pp.  AM-WS 

I.  Data  from  Operating  Plants  on  the  Effect  of  Altitude  on  the 
Operating  Temperature  Rise  of  Electrical  Apparatus. 

II.  Experience  with  Grounded  Neutral  on  High-Tension  Transmis- 
sion Lines. 

Discussion,  pages  584-597,  by  Messrs.  N.  A.  Carle,  M.  O.  Troy,  P. 
Junkerfeld,  E.  E.  F.  Creighton,  D.  B.  Rushmore,  J.  T.  Lawson,  J.  B. 
Taylor,  P.  H.  Chase,  H.  R.  Woodrow,  E.  C.  Stone,  F.  L.  Hunt,  L.  N. 
Crichton,  R.  F.  Schuchardt,  E.  T.  Street,  H.  Goodwin,  Jr.,  W.  A.  Carter 
and  B.  Price. 

A  general  discussion  of  experience  with  systems,  grounded  and  un- 
grounded. Very  complete  description  of  the  Victoria  Falls  andTransvaal 
Power  Company,  Ltd.,  and  the  Rand  Mines  Power  Supply  Co.,  Ltd. 

THB  RESTORATION  OF  SBRVICB  AFTBR  A  NBCBSSARY  INTERRUPTION 
F.  B.  Ricketts  Vol.  zxzr— 1«1S,  pp.  UA-MS 

The  phenomenal  growth  during  the  last  few  years  in  the  electrical 
industry  has  been  due  as  much  to  the  marked  advances  in  the  methods 
of  maintaining  a  uniform  service  as  to  any  other  cause.  Attention  is 
called  to  that  class  of  interruptions  which  so  far  have  been  and  will 
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likely  continue  to  be  unavoidable  and  a  full  description  is  given  of  certain 
means  whereby  the  effect  of  unavoidable  interruptions  may  be  reduced 
to  a  minimum. 

Discussion^  pages  649-654,  by  Messrs.  H.  Goodwin,  Jr.,  R.  F.  Schuch- 
ardt,  H.  R.  Woodrow.  E.  T.  Street,  G.  A.  Burnham,  J.  B.  Taylor,  L.  N. 
Crichton  and  J.  T.  Kelly,  Jr. 

A  general  discussion  of  protective  features  in  use  on  various  systems. 

PROTECTION   OF   HIGH-VOLTAGB   DISTRIBUTION   SYSTEMS  BY  ISOLATING 

TRANSFORMERS 
O.  O.  Rider  Vol.  zxzt--1916,  pp.  717-719 

This  paper  calls  attention  to  the  practicability  of  localizing  line  dis- 
turbances by  means  of  transformers.  Application  is  made  to  high- 
voltage  distribution  systems  serving  the  rural  communities  which  results 
in  an  interconnected  net  work  of  overhead  lines. 

Discussion^  pages  720-734,  by  Messrs.  E.  E.  F.  Creighton,  C.  P.  Stein- 
metz,  P.  H.  Chase,  J.  T.  Lawson,  J.  B.  Taylor,  J.  O.  Montignani,  R.  F. 
Schuchardt,  P.  Junkersfeld,  D.  B.  Rushmore,  D.  W.  Roper,  N.  S.  Diamant 
H.  Mouradian  and  N.  L.  Pollard. 

A  general  discussion  with  particular  reference  to  the  split-conductor 
principle  and  its  relation  to  ideal  relay  protection. 

A   DISTRIBUTION   SYSTEM   FOR   DOMESTIC   POWER   SERVICE   FROM   COM- 
MERCIAL AND  ENGINEERING  STANDPOINTS 
Carl  H.  Hoge  and  Edgar  R.  Perry  Vol.  xzzv — 1916,  pp.  98S-990 

This  paper  endeavors  to  lay  out  a  distribution  system  that  will  take 
care  of  the  greatly  increasing  demand  for  power  for  heating  and  cooking. 
Units  of  load,  consumption  and  revenue  were  taken  from  actual  tests  and 
applied  to  definite  sections  thought  to  be  representative,  as  containing 
every  class  of  house,  with  schools,  churches,  etc.  Results  obtained  seem 
to  indicate  for  this  class  of  business  a  profit  at  a  lower  rate.  The  central 
station  man  is  advised  to  make  provision  for  this  increased  demand  when 
rebuilding  in  the  future. 

Discussion,  pages  991-1000,  by  Messrs.  D.  F.  Henderson,  E.  R.  Perry, 
J.  B.  Fisken,  M.  T.  Crawford,  F.  D.  Weber,  C.  R.  Collins,  W.  D.  Peaslee, 
E.  G.  Robinson,  L.  T.  Merwin,  H.  W.  Buck,  S.  M.  Kennedy,  W.  L. 
Chrysler,  J.  R.  King,  H.  J.  Gille  and  R.  Howes. 

A  general  discussion  with  particular  emphasis  on  the  desirability  of 
simpler  rates  and  methods  of  metering. 

UNDERGROUND  DISTRIBUTION  SYSTEMS 
G.  J.  Newton  Vol.  xzzt— 1916,  pp.  1S07-1SSS 

This  paper  shows  the  importance  of  properly  designing  an  under- 
ground distribution  system  for  the  district  it  serves  and  the  particular 
service  it  is  to  supply.  Simply  placing  the  wires  underground  does  not 
constitute  an  efficient  system.  Underground  distribution  is  the  ultimate 
solution  of  the  distribution  problem  that  confronts  every  electric  light  and 
power  company  operating  in  progressive  towns  and  cities.  The  sugges- 
tions offered  are  based  on  many  years  experience  and  are  aimed  to  aid 
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particularly  in  the  design  and  installation  of  the  first  system  in  the 
smaller  cities. 

Discussion,  pages  1223-1235.  by  Messrs.  T.  E.  Tynes,  A.  F.  Hovey, 
F.  D.  Egan,  S.  C.  Coey,  C.  A.  Menk,  H.  B.  Gear,  B.  G.  Beck,  B.  W.  Gil- 
son,  L.  Hommel,  G.  T.  Street  and  P.  H.  WoodhuU. 

A  discussion  of  the  advantages  of  single  conductor,  three-phase  cables, 
type  of  insulation,  location  and  size  of  manholes,  ventilation  of  ducts, 
fireproofing  cables  and  joints,  etc. 

THE  POWER  COMPANY'S  PROBLEM  III  THE  ELECTRIC  SUPPLY  FOR  LARGE 

SINGLE-PHASE  LOAD 
W.  C.  L.  Efliii  Vol.  zzxT— 1916,  pp.  IMf-llM 

The  power  company  must  be  able  to  supply  energy  of  uniform  pressure, 
single-phase,  two-phase  or  three-phase,  at  whatever  voltage  best  suits 
customer.  These  conditions  best  met  by  polyphase  units.  When  demand 
for  single-phase  current  is  heavy  enough  to  produce  unbalance,  some 
means  of  balancing  must  be  provided.  Three  methods  are  discussed 
Correction  for  power  factor  on  each  individual  large  consumer's  line  is 
suggested. 

Discussion  incorporated  with  that  of  paper  by  Philip  Torchio  on  "Sup- 
ply of  Single- Phase  Loads  from  Central  Stations." 

SUPPLY  OF  SINGLE-PHASE  LOADS  FROM  CENTRAL  STATIONS 
PhUip  Torchio  Vol.  xzzt— 1916,  pp.  1S9S-1S01 

American  central  stations  have  extensively  adopted  single-phase 
distribution  from  polyphase  stations.  Individual  regulators  employed. 
Generators  with  good  single-phase  characteristics  or  in  certain  cases 
generators  with  kilovolt  ampere  rating  in  excess  of  kilowatt  capacity  of 
steam  unit  are  employed.  Customers  assist  balancing  by  dividing  load 
between  phases.  Question  of  power  supply  to  N.  Y.,  N.  H.  &  H.  R.  R. 
discussed.    Equipment  described. 

Z?*5Ctt55W»,  (including  that  of  paper  by  W.C.L.  Eglin),  pages  1302-1313. 
by  Messrs.  W.  S.  Murray,  P.  Junkersfeld,  D.  B.  Rushmore,  L.  E.  Imlay, 
H.  R,  Summerhayes,  N.  W.  Storer,  E.  H.  Martindale,  E.  F.  W.  Alexander- 
son,  J.  L.  Harper,  H.  W.  Buck,  J.  E.  Kershner,  C.  F.  Scott,  W.  C.  L.  Eglin, 
P.  Torchio,  F.  Osgood  and  C.  F.  Harding. 

General  discussion. 

SINGLE-PHASE  POWER  PRODUCTION 
E.  F.  W.  Alezanderson  and  G.  H.  HUI  Vol.  xxzy— 1916.  pp.  1S16-1SS7 

The  general  tendency  of  electric  power  supply  is  toward  centralization 
of  stations  and  to  be  consistent  stations  must  be  standardized.  From  this 
standpoint  single-phase  power  can  best  be  supplied  from  polyphase 
systems.    Operation  and  theory  of  phase  converters  discussed. 

Discussion  incorporated  with  that  of  paper  by  Oilman  and  Fortescue 
on  "Single- Phase  Power  Service  from  Central  Stations.'* 

SINGLE-PHASE  POWER  SERVICE  FROM  CENTRAL  STATIONS 
R.  E.  Gilman  and  C.  L.  Fortescue  Vol.  zzzr— 191S,  pp.  1SM-1S47 

An  outline  of  several  methods  by  which  single-phase  power  may  be 
supplied  from  a  polyphase  system  with  advantages  and  disadvantages. 
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Unbalance  in  voltage  when  single-phase  power  is  supplied  direct  from 
polyphase  circuit  explained.  Law  of  distribution  of  load  in  polyphase 
system  deduced.  Outline  of  theory  of  single-phase  generator  given. 
Essential  requirements  for  phase  balancing,  requirements  for  control 
apparatus,  behavior  of  balancer  under  short  circuit. 

Discussion,  (including  that  of  paper  by  Alexanderson  and  Hill),  pages- 
1348-1368,  by  Messrs.  R.  E.  Doherty,  H.  G.  Reist,  H.  L.  Wallau,  H.  R. 
Summerhayes,  R.  E.  Oilman,  W.  C.  L.  Eglin,  B.  A.  Behrend,  C.  A. 
Adams,  D.  W.  Roper,  G.  H.  Hill,  P.  Torchio,  P.  Junkersfeld,  C.  F.  Scott. 
H.  C.  Albright,  E.  F.  W.  Alexanderson,  and  C.  L^Fortescue. 

A  general  discussion  of  the  advantages  of  various  methods  of  single- 
phase  generation  and  operation  with  some  facts  relative  to  comparative 
costs. 

16.  CONTROL,  REGULATION  AND  SWITCHING 

THE  LIQUID  RHBOSTAT  IN  LOCOMOTIVE  SERVICE 
A.  J.  HaU  Vol.  zxzT— 1916,  pp.  167-171 

A  description  of  the  liquid  rheostat  in  locomotive  service  giving  in  de- 
tail the  arrangement  of  the  mechanical  parts  and  means  of  controlling  it. 

Discussion,  pages  172-173,  by  Messrs.  C.  D.  Knight  and  R.  E. 
Hellmund. 

A  discussion  mainly  of  the  liquid  rheostat  used  in  mine-hoist  service. 

REPORT  OF  THE  TRANSMISSION  COMMITTEE 
Percy  H.  Thomas,  Chairman  Vol.  zxzr— 1916,  pp.  fM-SSt 

I.  Data  from  Operating  Plants  on  the  Effect  of  Altitude  on  the  Oper- 
ating Temperature  Rise  of  Electrical  Apparatus. 

II.  Experience  with  Grounded  Neutral  on  High-Tension  Transmis- 
sion Lines. 

Discussion,  pages  584-597,  by  Messrs.  N.  A,  Carle,  M.  O.  Troy,  P. 
Junkersfeld,  E.  E.  P.  Creighton,  D.  B.  Rushmore,  J.  T.  Lawson,  J.  B. 
Taylor,  P.  H.  Chase,  H.  R.  Woodrow,  E.  C.  Stone,  P.  L.  Hunt.  L.  N. 
Crichton,  R.  P.  Schuchardt,  E.  T.  Street,  H.  Goodwin,  Jr.,  W.  A.  Carter 
and  B.  Price. 

A  general  discussion  of  experience  with  systems,  grounded  and  un- 
grounded. Very  complete  description  of  the  Victoria  Palls  and  Transvaal 
Power  Company,  Ltd.,  and  the  Rand  Mines  Power  Supply  Co.,  Ltd. 

THE  POWER  COMPANY'S  PROBLEM  IN  THE  ELECTRIC  SUPPLY  FOR  LARGE 

SINGLE-PHASE  LOAD 
W.  C.  L.  Eglin  Vol.  xzzv— 1916,  pp.  1S89-1SM 

The  power  company  must  be  able  to  supply  energy  of  uniform  pressure, 
single-phase,  two-phase  or  three-phase,  at  whatever  voltage  best  suits 
customer.  These  conditions  best  met  by  polyphase  units.  When  de- 
mand for  single-phase  current  is  heavy  enough  to  produce  unbalance, 
some  means  of  balancing  must  be  provided.  Three  methods  are  dis- 
cussed. Correction  for  power  factor  on  each  individual  large  consumer's 
line  is  suggested. 

Discussion  incorporated  with  that  of  paper  by  Philip  Torchio  on  "Sup- 
ply of  Single-Phase  Loads  from  Central  Stations."  /^-^  t 
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SUPPLY  OF  SINGLE-PHASE  LOADS  FROM  CENTRAL  STATIONS 
Philip  Torchio  Vol.  xzzy—lilS,  pp.  IMS-lSOl 

American  central  stations  have  extensively  adopted  single-phase  dis- 
tnbution  from  polyphase  stations.  Individual  regulators  employed. 
Generators  with  good  single-phase  characteristics  or  in  certain  cases  gen- 
erators with  kilovolt  ampere  rating  in  excess  of  kilowatt  capacity  of  steam 
unit  are  employed.  Customers  assist  balancing  by  dividing  load  between 
phases.  Question  of  power  supply  to  N.  Y.,  N.  H."  &  H.  R.  R.  discussed. 
Equipment  described. 

Discussion,  (including  that  of  paper  by  W.C.L.  Eglin),  pages  1302-1313, 
by  Messrs.  W.  S.  Murray,  P.  Junkersfeld,  D.  B.  Rushmorc,  L.  E.  Imlay, 
H.  R.  Summerhayes,  N.  W.  Storer,  E.  H.  Martindale.  E.  F.  W,  Alexan- 
derson,  J.  L.  Harper,  H.  W.  Buck,  J.  E.  Kershner,  C.  F.  Scott,  W.  C.  L. 
Eglin,  P.  Torchio,  F.  Osgood  and  C.  F.  Harding. 

General  discussion. 

SINGLE-PHASE  POWER  PRODUCTION 
B.  F.  W.  Alezanderson  and  G.  H.  Hill  Vol.  xzzr— 1916,  pp.  ISlt-lSST 

The  general  tendency  of  electric  power  supply  is  toward  centralization 
of  stations  and  to  be  consistent  stations  must  be  standardized.  From  this 
standpoint  single- phase  power  can  best  be  supplied  from  polyphase 
systems.    Operation  and  theory  of  phase  converters  discussed. 

Discussion  incorporated  with  that  of  paper  by  Gilman  and  Fortescue 
on  "Single- Phase  Power  Service  from  Central  Stations." 

SINGLE-PHASE  POWER  SERVICE  FROM  CENTRAL  STATIONS 
R.  E.  Ganuui  and  C.  L.  Fortescue  Vol.  zxzr — 1916,  pp.  1S99-1S47 

An  outline  of  several  methods  by  which  single-phase  power  may  be 
supplied  from  a  polyphase  system  with  advantages  and  disadvantages. 
Unbalance  in  voltage  when  single-phase  power  is  supplied  direct  from 
polyphase  circuit  explained.  Law  of  distribution  of  load  in  polyphase 
system  deduced.  Outline  of  theory  of  single-phase  generator  given. 
Essential  requirements  for  phase  balancing,  requirements  for  control 
apparatus,  behavior  of  balancer  under  short  circuit. 

Discussion,  (including  that  of  paper  by  Alexanderson  and  Hill),  pages 
1348-1368,  by  Messrs.  R.  E.  Doherty,  H.  G.  Reist,  H.  L.  Wallau,  H.  R. 
Summerhayes,  R.  E.  Gilman,  W.  C.  L.  Eglin,  B.  A.  Behrend,  C.  A.  Adams, 
D.  W.  Roper,  G.  H.  Hill,  P.  Torchio,  P.  Junkersfeld,  C.  F.  Scott,  H.  C. 
Albright,  E.  F.  W.  Alexanderson,  and  C.  L.  Fortescue. 

A  general  discussion  of  the  advantages  of  various  methods  of  single- 
phase  generation  and  operation  with  some  facts  relative  to  comparative 
costs. 

RUPTURING  CAPACITIES  OF  OIL  CIRCUIT  BREAKERS 
Stephen  Q.  Hayes  Vol.  xxzy— 1916,  pp.  16SS-liSe 

A  series  of  notes  on  the  rupturing  capacity  of  oil  breakers.  Description 
of  result  obtained  by  root- mean-square  of  maximum  peak  of  current  wave 
that  occurs  while  breaker  is  opening  multiplied  by  root-mean-square  of 
open-circuit  voltage  that  occurs  immediately  after  breaker  opens.     Atten- 
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tion  called  to  different  classes  of  ratings.    Recommendations  made  as  to 
most  desirable  method  of  rating  and  ability  of  breakers  to  be  re-operative. 
Discussion  incorporated   with  that  of  paper  by  E.   M.   Hewlett  on 
"Rating  of  Oil  Circuit  Breakers." 

RATING  OF  OIL  CIRCUIT  BRBAKBRS 
B.  M.  Hewlett  Vol.  xxz7— 1916,  pp.  1M1-168S 

Paper  points  out  several  difficulties  which  are  encountered  in  rating  by 
actual  current  breakers,  but  generally  favors  that  these  ratings  be  on  the 
basis  of  the  current  to  be  opened  in  the  arc  at  the  operating  voltage  of  the 
system. 

Discussion,  pages  1534-1549,  by  Messrs.  C.  Lichtenberg,  N.  L.  Pollard, 
G.  A.  Burnham,  J.  L.  Harper,  H.  W.  Buck,  J.  B.  Taylor,  K.  C.  Randall. 
L.  E.  Imlay,  C.  A.  Adams,  E.  M.  Hewlett,  S.  Q.  Hayes,  H.  R.  Summer- 
hayes,  P.  M.  Lincoln,  L.  W.  Chubb  and  P.  Lindemann. 

A  general  discussion. 

17.  TRACTION 

OPERATION  ON  THE  NORFOLK  AND  WESTERN  RAILWAY 

F.  E.  Wynne  Vol.  xzx7— 1916,  pp.  147-188 

A  description  of  the  great  advantages,  from  an  operating  standpoint, 
incident  to  the  inauguration  of  electric  service  on  the  Elkhom  grade  of  the 
Norfolk  and  Western  Railway  Co.  and  why  it  is  possible  almost  to  double 
the  capacity  of  the  road  by  the  use  of  12  electric  locomotives,  instead  of 
the  33  Mallet  locomotives  formerly  in  service. 

Discussion,  pages  154-166,  by  Messrs.  A.  H.  Armstrong,  R.  E. 
Hellmund,  F.  H.  Shepard,  B.  A.  Behrend,  W.  I.  Slichter,  C.  F.  Scott, 
W.  Arthur,  H.  M.  Hobart  and  F.  E.  Wynne. 

A  general  discussion  with  particular  emphasis  on  regenerative  braking 
and  the  operation  of  liquid  rheostat. 

THE  LIQUID  RHEOSTAT  IN  LOCOMOTIVE  SERVICE 
A.  J.  HaU  Vol.  xxzy— -1916,  pp.  167-171 

A  description  of  the  liquid  rheostat  in  locomotive  service  giving  in  de- 
tail the  arrangement  of  the  mechanical  parts  and  means  of  controlling  it. 

Discussion,  pages  172-173,  by  Messrs.  C.  D.  Knight  and  R.  E. 
Hellmund. 

A  discussion  mainly  of  the  liquid  rheostat  used  in  mine-hoist  service. 

CHATTERING  WHEEL  SLIP  IN  ELECTRIC  MOTIVE  POWER 

G.  M.  Eaton  Vol.  znv— 1916,  pp.  176-179 

The  paper  shows  that  chattering  wheel  slip  is  characteristic  of  all  types 
of  electric  motive  power.  The  application  of  the  motive  power  in  the 
electric  and  steam  drives  is  compared,  and  the  reasons  for  the  chattering 
wheel  slip  and  the  means  of  measuring  and  rectifying  the  same  are  given. 

Discussion,  pages  180-182,  by  Messrs.  S.  T.  Dodd,  W.  I.  Slichter,  C.  F. 
Scott,  W.  L.  Merrill  and  G.  M.  Eaton. 

A  general  discussion. 
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HIGH-VOLTAGE  D-C.  RAH. WAY  PRACTISE 
Clarence  Renshaw  Vol.  zxxv— l«ie,  pp.  S47-3M 

This  paper  deals  with  the  fundamental  differences  in  apparatus  for 
1200  or  1500  volts  as  compared  with  former  600- volt  standards.  It  points 
out  the  tendency  to  use  higher  d-c.  voltages  with  the  multiplicity  of  volt- 
ages slightly  differing  such  as  2400,  3000,  3600,  4200,  etc.  It  recommends 
in  order  to  avoid  confusion,  the  establishment  at  once  of  a  standard  high 
voltage.  It  is  shown  that  final  voltage  standards  are  usually  fixed  by 
economic  standards  rather  than  physical  limitations  and  5000  volts  is 
suggested  as  very  satisfactory.  The  5000- volt  line  at  Jackson,  Michigan, 
is  briefly  described. 

Discussion,  pages' 361  and  383,  by  Messrs.  F.  J.  Sprague,  W.  J.  Davis, 
Jr.,  W.  B.  Potter,  Calvert  Townley,  S.  I.  Oesterreicher,  B.  F.  Wood, 
E.  V.  Pannell,  A.  H.  Armstrong,  S.  Haar,  C.  Schwartz,  N.  W.  Storer  and 
C.  Renshaw. 

A  detailed  presentation  of  the  arguments  for  and  against  the  adoption 
of  higher  d-c.  voltages  and  standardization. 

18.  LIGHTING  AND  LAMPS 

ILLUMIITATION  OF  THE  PANAMA-PACIFIC  INTERNATIONAL  EXPOSITION 
W.  D'A.  Ryan  Vol.  zzxy— 1916,  pp.  7A7-78S 

This  paper  describes  the  system  of  lighting  adopted  for  the  P-P.  I.  E., 
which  was  generally  conceded  to  have  initiated  a  new  era  in  the  art  of  il- 
lumination. From  a  narrow  engineering  point  of  view  the  lighting  would 
have  been  regarded  as  inefficient,  but  the  object  striven  for  was  to  sup- 
press high  intrinsic  brilliancy,  while  bringing  out  the  architectural  beauties 
of  the  exposition  structures  in  the  most  effective  manner. 

No  discus.sion. 


20,  MISCELLANEOUS  APPLICATIONS  OF  ELECTRICITY 

THE  TRUE  NATURE  OF  SPEECH 
J.  B.  Flowers  Vol.  zzzt~1«1S,  pi».  SU-SSl 

A  proof  that  speech  is  a  rapid  variation  in  the  intensity  of  the  voice  and 
mouth  tones  according  to  definite  sound  patterns  called  letters  of  the 
alphabet.  Photographs  are  taken  with  aid  of  string-galvanometer  of  each 
letter  of  the  alphabet.  From  the  curve  the  phonographic  alphabet  is 
obtained  by  measuring  the  variations  in  intensity  of  the  main  tone  of  the 
record. 

A  design  for  a  voice-operated  phonographic  alphabet  writing  machine  is 
described. 

Discussion,  pages  232-248,  by  Messrs.  H.  B.  Williams,  L.  T.  Robinson, 
A.  C.  Crehore,  W.  Maver,  Jr.,  W.  J.  Hammer,  L.  W.  Chubb,  C.  A.  Adaras, 
J.  B.  Taylor  and  J.  B.  Flowers. 

A  general  discussion  including  the  development  of  the  theory  of  the 
string  galvanometer. 
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ELBCTRIC  DRIVE  FOR  REVERSING  ROLLING  MILLS 
WUfred  Sykes  and  David  HaU  Vol.  zxzv— 1916.  p]>.  iOl-519 

This  paper  answers  some  of  the  questions  which  have  arisen  in  the  rapid 
displacement  of  steam  drive  by  electric  drive  for  reversing  rolling  mills, 
and  describes  the  constructions  which  have  been  found  desirable. 

Discussion^  pages  520-537,  by  Messrs.  K.  A.  Pauly,  E.  S.  Jeffries,  D.  M. 
Petty,  R.  Tschentscher,  H.  D.  James,  F.  G.  Liljenroth,  B.  Wiley,  H.  S. 
Page,  P.  Lindemann,  A.  Gray  and  W.  Sykes. 

A  discussion  of  the  relative  merit  of  steam  and  electric  drive  for  revers- 
ing mills.  Statistics  of  installation  at  Steel  Company  of  Canada.  Com- 
parison of  European  and  American  practise. 

MOTOR  EQUIPMENTS  FOR  THE  RECOVERY  OF  PETROLEUM 
W.  G.  Taylor  Vol.  zzxv— 1«16,  pp.  5S9-55S 

This  paper  presents  data  covering  the  horse  power  requirements  and 
kilowatt-hour  consumption  for  the  various  operations  in  drilling  and 
maintaining  producing  oil  wells.  The  use  of  the  slip-ring  induction 
motor  for  drilling,  pumping  and  cleaning  wells.  Special  controllers  and 
resistance.  Pumping,  cleaning  and  "pulling"  rods  by  a  Y-delta  or  two- 
speed  machine. 

Discussion^  pages  553-554,  by  Messrs.  F.  Woodbury  and  A.  M.  Dudley. 

General  discussion. 

SOME  FEATURES  OF  DOMESTIC  ELECTRIC  COOKING  AND  HEATING 
H.  B.  Peirce  Vol.  zzzr— 1916.  pp.  1001-1011 

From  tests  made  on  a  number  of  domestic  cooking  and  heating  instal- 
lations, it  would  appear  that  electric  cooking  has  a  better  load  factor 
than  a  lighting  load  and  that  this  factor  improves  as  the  number  of  ranges 
increases.  The  errors  incident  to  these  tests  are  discussed.  Sugges- 
tions are  made  for  checking  these  results  by  others.  In  the  heating 
field,  the  effect  of  water  heaters  superimposed  on  range  loads  is  discussed 
in  relation  to  their  eflFect  on  the  central  station  loads  and  income. 

Discussion,  pages  1012-1015,  by  Messrs.  J.  B.  Fisken,  C.  E.  Magnusson, 
W.  D.  Peaslee,  L.  F.  Curtis,  R.  W.  Pope,  E.  R.  Perry,  H.  F.  Holland  and 
H.  J.  Gille. 

A  general  discussion. 

21.  TELEPHONY  AND  TELEGRAPHY 

INDUCTIVE  INTERFERENCE  AS  A  PRACTICAL  PROBLEM 
A.  H.  Griswold  and  R.  W.  Mastick  Vol.  zzzr— 1916.  pp.  10S1-108T 

A  review  of  the  factors  which  affect  inductive  interference  in  telephone 
circuits  from  high-voltage  power  transmission  circuits,  a  presentation 
of  practical  considerations  regarding  the  reduction  of  interference,  and 
description  of  actual  cases  of  the  application  of  these  means  of  reduction. 
Balanced  and  residual  voltages  and  currents,  wave  shapes  of  voltages  and 
currents,  transposition  schemes,  three  particular  cases  of  parallels. 

Di  cussion,  pages  1088-1094,  by  Messrs.  F.  Bedell,  L.  T.  Merwin, 
J.  B.  Fisken  W.  D.  Peaslee,  R.  F.  Robinson,  L.  J.  Corbett,  C-  A.  Whipple 
and  R.  W.  Mastick.  ^  , 
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A  discussion  of  effects  of  leaking  insulators,  charging  electrolytic 
arresters,  carelessness  in  making  transpositions  and  an  appeal  for  co- 
operation of  telephone  and  power  companies. 

CHARACTEiaSTICS  OF  ADMITTANCE  TYPE  OP  WAVE-FORM  STANDARD 
Frederick  BedeU  Vol.  zzxy-1916,  pp.  llBf-1170 

A  description  of  the  characteristics  of  a  certain  type  of  standard  for 
determining  how  near  an  actual  wave  is  to  a  true  sine  wave  and  for 
prescribing  allowable  limits  of  deviation.  An  investigation  to  determine 
whether  a  standard  can  be  specified  that  will  be  more  suitable  in  its 
characteristics  and  more  practical  in  its  application. 

Discussion,  pages  1171-1186,  by  Messrs.  H.  S.  Osborne,  L.  F.  Curtis, 
C.  E.  Magnusson,  L.  W.  Chubb,  L.  T.  Merwin,  L.  J.  Corbett,  J.  B.  Fisken, 
W.  D.  Peaslee,  H.  J.  Ryan,  R.  W.  Mastick,  F.  Bedell  and  Report  by 
Joint  Committee  on  Inductive  Interference. 

A  discussion  of  the  various  factors  involved  in  the  selection  of  a  wave- 
shape standard  and  the  penalizing  of  upper  harmonics.  An  appeal 
for  cooperation  between  power  companies,  telephone  companies  and 
manufacturers. 

22.  MISCELLANEOUS  TOPICS  AND  INSTITUTE  AFFAIRS 

THE  MUNICIPALLY-OPERATED  ELECTRICAL  UTILITIES  OF  WESTERN  CANADA 
A.  G.  Chriitie  Vol.  zzxt— 1916,  pp.  SS-87 

The  paper  discusses  a  number  of  public  utilities  in  various  cities  in 
Western  Canada.  The  characteristics  of  these  cities  are  reviewed  and  a 
brief  outline  of  equipments  of  the  various  plants  is  given.  The  costs 
and  methods  of  financing  these  utilities  are  discussed  at  considerable 
length  and  the  charges  for  various  services  are  summarized. 

Discussion,  pages  88-98,  by  Messrs.  P.  Betts,  H.  G.  Stott,  R.  P.  Bolton. 

E.  J.  Cheney,  C.  H.  Sharp,  A.  Reid  and  A.  G.  Christie. 

A  general  discussion  of  the  advantages  and  disadvantages  of  municipal 
ownership  of  public  utilities  and  methods  of  financing  them. 

CHATTERING  WHEEL  SLIP  IN  ELECTRIC  MOTIVE  POWER 
G.  M.  Eaton  Vol.  zzzr— 1916,  pp.  17t-179 

The  paper  shows  that  chattering  wheel  slip  is  characteristic  of  all  types 
of  electric  motive  power.  The  application  of  the  motive  power  in  the 
electric  and  steam  drives  is  compared,  and  the  reasons  for  the  chattering 
wheel  slip  and  the  means  of  measuring  and  rectifying  the  same  are  given. 

Discussion,  pages  180-182,  by  Messrs.  S.  T.  Dodd,  W.  I.  Slichter,  C 

F.  Scott,  W.  L.  Merrill  and  G.  M.  Eaton. 
A  general  discussion. 

A  METHOD  OF  DETERMINING  THE  CORRECTNESS  OF  POLYPHASE   WATT- 

METER  CONNECTIONS 
W.  B.  Kottwenhoven  Vol.  zxxy— 1916,  pp.  lU-SOC 

A  description  of  a  method  of  checking  the  correctness  of  the  connections 
of  a  polyphase  watt-hour  meter  and  proof  that  the  methods  most  commonly 
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used  are  unreliable.  Rules  are  worked  out  that  make  the  rectification 
of  incorrect  connections  simple.  Another  method  is  described  which 
may  be  used  on  balanced  or  unbalanced  three-phase  circuits  at  any  power 
factor,  providing  the  opening  of  one  phase  at  a  time  is  permissible. 

Discussion,  pages  207-211,  by  Messrs.  W.  H.  Pratt,  G.  A.  Sawin,  L. 
W.  Chubb,  C.  A.  Adams  and  W.  B.  Kouwenhoven. 

A  general  discussion. 

THB  TRUE  NATURE  OF  SPEECH 
J.  B.  Flowers  Vol.  zxzv— 1916,  pp.  SlS-SSl 

A  proof  that  speech  is  a  rapid  variation  in  the  intensity  of  the  voice 
and  mouth  tones  according  to  definite  sound  patterns  called  letters  of 
the  alphabet.  Photographs  are  taken  with  aid  of  string-galvanometer  of 
each  letter  of  the  alphabet.  From  the  curves  the  phonographic  alphabet 
is  obtained  by  measuring  the  variations  in  intensity  of  the  main  tone  of 
the  record. 

A  design  for  a  voice-operated  phonographic  alphabet  writing  machine 
is  described. 

Discussion,  pages  232-248,  by  Messrs.  H.  B.  Williams,  L.  T.  Robinson, 

A.  C.  Crehore,  W.  Maver,  Jr.,  W.  J.  Hammer,  L.  W.  Chubb.  C.  A.  Adams, 
J.  B.  Taylor  and  J.  B.  Flowers. 

A  general  discussion  including  the  development  of  the  theory  of  the 
string  galvanometer. 

THE  FUTURE  OF  WATER  POWER  IN  THB  UNI  FED  STATES 
Charles  W.  Comstock  Vol.  xzxv— 1916,  pp.  S49-S60 

A  compilation  of  figures  showing  the  total  fixed  installed  primary 
power  in  the  United  States  and  similar  figures  for  the  total  installed  water 
power.  With  these  figures,  those  compiled  by  the  Commissioner  of 
Corporations  are  summarized  and  compared.  The  geographic  distribu- 
tion of  installed  water  power  is  studied  together  with  the  development 
of  water  power  between  1889  and  1909.  The  author  next  takes  up  the 
possibilities  of  water  power  development  and  makes  an  appeal  for  a 
federal  policy  of  encouraging  business  enterprise  instead  of  obstructing 
it. 

No  discussion. 

IRON  LOSSES  IN  DIRECT-CURRBNT  MACHINES 

B.  G.  Umme  Vol.  zzzr— 1916,  pp.  S61-SS6 

It  is  shown  that  no  great  accuracy  is  practicable  in  the  calculation  of 
actual  iron  losses,  except  in  special  cases.  A  brief  explanation  of  several 
causes  of  variation  in  losses  is  given. 

The  four  principal  sources  of  core  loss  are  considered,  namely — armature- 
ring  loss,  armature- tooth  loss,  eddy  currents  in  buried  conductors,  and 
pole-face  losses.  Under  eddy  current  losses  an  explanation  is  given  of 
certain  losses  not  usually  taken  into  account  with  a  crude  method  of  cal- 
culation and  some  tabulated  results. 

Under  pole-face  losses  an  empirical  formula  is  given,  also  tabulated 
results. 
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The  effect  of  load  on  losses  is  discussed  and  some  of  the  effects  of  flux 
distortion  on  losses  are  shown. 

Discussion,  pages  287-299,  by  Messrs.  H.  F.  T.  Erben,  W.  S.  Moody, 
W.  B.  Potter.  F.  H.  Kierstead,  H.  M.  Hobart.  W.  J.  Poster,  J.  L.  Bum- 
ham,  L.  T.  Robinson,  A.  S.  Langsdorf  and  B.  G.  Lamme. 

A  general  discussion  of  iron  losses  in  d-c.  machines  and  transformers. 

THB  INPLUBlfCB  OF  FREQUENCY  OF  ALTERNATING  OR  INFREQUENTLY 

REVERSED  CURRENT  ON  ELECTROLYTIC  CORROSION 
Burton  McCoUam  and  G.  H.  Ahlborn  Vol.  zxzt— inc,  pp.  SOl-SST 

This  paper  describes  experimental  work  done  to  determine  the  co- 
efficient of  corrosion  of  iron  and  lead  in  soil  with  varying  frequencies  of 
alternating  or  reversed  current  with  60  cycles  per  second  as  the  highest 
frequency  and  a  two-week  period  as  the  lowest.  Some  d-c.  tests  being 
made  as  a  check  on  the  methods. 

The  importance  of  the  conclusions  reached  grows  out  of  the  fact  that 
there  are  large  areas  in  practically  every  city  in  which  the  polarity  of  the 
underground  pipes  reverses  with  periods  ranging  from  a  few  seconds  to 
an  hour  or  more  due  to  the  shifting  of  railway  loads.  Corrosion  under 
such  conditions  is  shown  to  be  much  less  than  has  generally  been  supposed. 

Discussion,  pages  328-345,  by  Messrs.  P.  Torchio,  A.  Maxwell,  A.  F. 
Ganz,  J.  L.  R.  Hayden,  S.  M.  Kintner,  C.  Hering,  A.  P.  Way.  C.  B. 
Martin,  T.  M.  Roberts,  L.  W.  Chubb,  T.  Spooner,  M.  Toch  and  B. 
McCoUum. 

A  general  discussion  of  electrolytic  corrosion  and  methods  of  mitigation. 

ELECTROCHEMICAL  INDUSTRIES  AND  THEIR  INTEREST  IN  THE  DEVELOP- 
MENT OF  WATER  POWER 
Lawrence  Addlcks  Vol.  zzzr— 191C.  pp.  S8f-SM 

A  presentation  of  the  great  value  of  the  electrochemical  industries  to 
this  country  and  their  fundamental  interest  in  cheap  power.  They  offer 
the  almost  ideal  power  load  but  must  be  located  strategically  as  regards 
supplies  and  markets.  Niagara  power  is  not  cheap  enough  or  sufficient 
for  their  needs  under  present  conditions.  Great  expansion  should  follow 
the  development  of  cheaper  power  particularly  in  that  vital  field,  the  ni- 
trate industry.  An  appeal  is  made  for  a  more  liberal  water  power  policy  on 
the  part  of  the  government. 

Discussion  incorporated  with  that  of  paper  by  L.  B.  Still  well  on  "Rela- 
tion of  Water  Power  to  Transportation." 

WATER  POWER  DEVELOPMENT  AND  THE  FOOD  PROBLEM 
Allerton  S.  Cusbman  Vol.  zzx¥— l»lft»  pp.  SM-401 

The  great  increase  of  the  population  of  the  United  States,  has  been 
chiefly  in  the  urban  districts,  resulting  in  a  continuously  growing  demand 
for  food  with  a  relatively  small  proportion  of  the  population  as  food  pro- 
ducers. 

To  increase  production  per  acre  requires  the  production  of  nitrogen, 
one  of  the  three  principal  fertilizer  ingredients.  This  is  distinctly  a  water 
power  proposition  involving  the  fixation  of  atmospheric  nitrogen.  More 
than  80  per  cent  of  mixed  fertilizers  produced  in  the  United  States  is  used 
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east  of  the  Allegheny  Mountains,  and  for  the  fertilizer  problem  water 
power  must  be  developed  where  the  demand  for  the  fertilizer  exists.  A 
proper  plan  of  water  power  development  will  have  a  profound  influence  on 
the  development  and  distribution  of  cheap  fertilizer  ingredients. 

Discussion  incorporated  with  that  of  paper  by  L.  B.  Still  well  on  "Rela- 
tion of  Water  Power  to  Transportation." 

RELATION  OP  WATER  POWER  TO  TRANSPORTATION 
L«wi8  B.  StiUweU  Vol.  zzxv— 191C,  pp.  40S-41C 

The  relative  importance  of  water  power  in  its  relation  to  transportation, 
as  depending  upon  its  cost  and  the  cost  of  competing  steam  power. 

Ratio  of  cost  of  fuel  for  locomotives  in  country  as  a  whole,  in  various 
sections,  and  in  a  number  of  different  railroads,  to  total  cost  of  operation. 

Effect  of  recent  progress  in  art  of  producing  electric  power  by  steam 
upon  water  power  values. 

Power  and  transportation  development  on  navigable  streams. 

Illustrations  of  the  limit  of  investment  in  developing  a  water  power,  as 
fixed  by  cost  of  competing  steam  power. 

Comparative  cost  of  canals  and  railroads. 

Illustrations  of  comparative  speed  and  power  consumption  in  railroad 
and  canal  operation. 

Discussion  (including  that  of  papers  by  L.  Addicks  and  A.  S.  Cushman), 
pages  417-430,  by  Messrs.  D.  B.  Rushmore,  F.  A.  Lidbury,  H.  G.  Stott, 
G.  Dunn,  J.  B.  Whitehead,  L.  H.  Baekeland,  J.  J.  Carty,  L.  S.  Randolph, 
L.  Addicks,  A.  S.  Cushman  and  L.  B.  Still  well. 

A  general  discussion  of  the  principal  features  of  the  three  papers. 

WATER  POWER  AND  DEFENSE 
W.  R.  Whitney  Vol.  xzzv— 191C,  pp.  4S1-4S9 

As  the  United  States  has  no  adequate  domestic  source  of  fixed  nitrogen, 
and  as  nitric  add  is  an  absolute  necessity  in  the  manufacture  of  explosives 
and  in  the  production  of  dye  stuffs,  the  Army,  Navy  Agriculture  and 
Interior  Departments  should  immediately  cooperate  in  determining 
course  to  be  taken. 

It  is  pointed  out  that  failure  to  establish  such  an  industry  has  been  due 
to  the  proximity  of  Chile  and  the  impossibility  of  competing  with  the 
cheap  water  powers  of  Scandinavia.  National  safety  demands  the 
development  of  such  an  industry  whether  it  be  supporting  or  not,  but 
once  established  the  products  would  be  of  the  greatest  value  in  times 
of  peace,  and  many  other  industries  would  be  stimulated. 

Discussion  incorporated  with  that  of  paper  by  Gano  Dunn  on  "The 
Water  Power  Situation,  Including  Its  Financial  Aspect." 

THE  WATER  POWER  SITUATION,  INCLUDING  ITS  FINANCIAL  ASPECT 
Gano  Dunn  Vol.  xxxv—191%,  pp.  441-45C 

The  endeavor  of  this  paper  is  to  present,  from  the  point  of  view  of  the 
engineer,  certain  aspects  of  the  attitude  of  capital  towards  water  powers. 
Actual  and  threatened  laws,  popular  prejudices,  unprofitable  develop- 
ments in  the  past,  and  also  physical  and  natural  difficulties  which  handi- 
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cap  hydroelectric  as  compared  with  steam-electric  plants  make  a  reason- 
able profit  essential  to  induce  investment.  The  rising  cost  of  water  power 
and  the  decreasing  cost  of  steam  power.  Length  of  time  a  permit  or  fran- 
chise may  run  before  recapture  clauses  take  effect.  Water  power  devel- 
oped as  a  matter  of  conservation  of  coal  supply. 

Discussion  (including  that  of  paper  by  W.  R.  Whitney),  pages  457-477, 
by  Messrs.  F.  A.  Lidbury,  L.  Addicks,  G.  Dunn,  J.  H.  Finney,  L.  H. 
Baekeland,  C.  G.  Atwater,  C.  Townley,  G.  R.  Smith,  D.  B.  Rushmore, 
O.  T.  Crosby. 

A  general  discussion  from  the  viewpoints  of  the  engineer,  financier, 
manufacturer  and  congressman. 

THE  RELATION  OP  PURE  SCIENCE  TO  INDUSTRUL  RESEARCH 

President's  Address 

J.  J.  Csrty  Vol.  xzzv— 191C,  pp.  4Tt-4W 

STANDARDIZATION 
C.  Le  Msistre  Vol.  zzzy— l»lft,  pp.  48t-4M 

A  general  review  of  development  of  standardization  committees  and 
organizations  here  and  abroad.  A  citation  of  the  many  advantages  of 
proper  standardization  and  an  appeal  for  universal  cooperation.  Particu- 
lar reference  is  given  to  standardization  of  electrical  machinery  with 
emphasis  laid  on  the  adoption  of  a  standard  temperature  rise  basis. 

Discussion f  pages  497-500,  by  Messrs.  C.  H.  Sharp,  F.  Osgood,  C.  P. 
Steinmetz,  C.  Le  Maistre  and  C.  A.  Adams. 

A  general  discussion. 

EFFECT  OF  BAROMETRIC  PRESSURE  ON  TEMPERATURE  RISE  OF  SELF-COOLED 

STATIONARY  INDUCTION  APPARATUS 
V.  M.  Moatsiiicer  Vol.  zzxv— 191C,  pp.  •M-«M 

This  paper  is  divided  into  three  parts,  as  follows:  (1)  A  general  review 
of  the  principal  laws  of  the  dissipation  of  heat, — radiation,  conduction  and 
convection.  (2)  The  development  of  a  simple  formula  for  the  effect  of 
altitude  on  the  cooling  of  surfaces  of  different  shapes.  (3)  A  general 
discussion  of  the  method  of  conducting  experimental  observations  at 
different  altitudes  on  three  different  shaped  surfaces. 

Discussion^  pages  627-633,  by  Messrs.  R.  W.  Sorensen,  A.  Gray  and 
V.  M.  Montsinger. 

A  general  discussion  of  methods  and  results  obtained. 

EXPERIENCES  IN  TESTING  PORCELAIN 
E.  E.  F.  Creifhton  Vol.  zzzr— 1»1«.  pp.  TSt.744 

The  results  of  numerous  experiences  in  testing  porcelain  insulators 
particularly  in  regard  to  porosity,  absorption  of  water,  surface  leakage 
and  dielectric  losses.  Considerable  energy  is  required  to  drive  moisture 
out  of  a  porous  insulator  and  it  has  been  found  best  to  restrict  the  oscillator 
testing  to  dry  porcelain,  whereas  the  wetter  the  porcelain  the  more  effec- 
tive is  the  60-cycle  test. 

Discussion  incorporated  with  that  of  paper  by  R.  H.  Marvin  on  **A 
New  Method  of  Grading  Suspension  Insulators." 
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A  NEW  METHOD  OF  GRADING  SUSPENSION  INSULATORS 
R.  H.  Marrin  Vol.  zzxv— 191C,  pp.  7M-76S 

Attention  is  drawn  to  the  known  disadvantages  of  the  uneven  dis- 
tribution of  voltage  in  long  strings  of  disks.  The  general  theory  showing 
how  the  distribution  is  determined  by  the  various  capacities  of  the  units 
is  given.  It  is  shown  how  the  distribution  can  be  improved  by  grading,  or 
varying  the  internal  capacity  of  the  units. 

The  proposed  method  of  grading  consists  in  placing  flat  metal  rings  on 
the  insulator,  around  the  cap  and  stud  respectively,  the  porcelain  disk 
being  enlarged  for  this  purpose. 

A  simple  method  of  measuring  the  voltage  distribution  is  described 
using  a  single  needle  gap. 

The  results  of  tests  with  and  without  grading  are  given,  the  graded 
strings  showing  a  decidedly  better  distribution  of  voltage. 

Discussion,  pages  753-755,  by  Messrs.  F.  W.  Peek,  Jr.,  and  E.  E.  F. 
Creighton. 

A  general  discussion. 

ILLUMINATION  OF  THE  PANAMA-PACIFIC  INTERNATIONAL  EXPOSITION 
W.  D»A.  Ryan  Vol.  zxzr— 191C,  pp.  767-782 

This  paper  describes  the  system  of  lighting  adopted  for  the  P-P.  I.  E., 
which  was  generally  conceded  to  haveinitiated  a  new  era  in  the  art  of  illum- 
ination. From  a  narrow  engineering  point  of  view  the  lighting  would  have 
been  regarded  as  inefficient,  but  the  object  striven  for  was  to  suppress 
high  intrinsic  brilliancy,  while  bringing  out  the  architectural  beauties  of 
the  exposition  structures  in  the  most  effective  manner. 

No  discussion. 

SUGGESTIONS  FOR  ELECTRICAL  RESEARCH  IN  ENGINEERING  COLLEGES 
V.  Karapetoff  Vol.  zxzv— 191C,  pp.  895-910 

This  paper  gives  a  list  of  topics  in  electrical  engineering  suitable  for 
thesis,  research  and  advanced  study.  A  plea  is  made  for  systematic 
research,  each  college  specializing  year  after  year  in  only  a  few  topics. 
Cooperation  is  urged  with  individual  inventors  and  investigators.  Various 
types  of  investigation  are  enumerated,  such  as  invention,  experimental 
study,  theoretical  study,  library  search,  and  compilation  of  data. 

Discussion,  pages  911-923,  by  Messrs.  J.  B.  Whitehead,  A.  E.  Flowers, 
C.  E.  Skinner,  F.  C.  Caldwell,  E.  E.  Creighton,  D.  D.  Ewing,  C.  F.  Hard- 
ing,  N.  S.  Diamant,  J.  J.  Carty,  D.  H.  Braymer,  A.  A.  Nims  and  A.  Gray. 

A  general  discussion  from  the  viewpoint  of  the  college  professor,  inven- 
tor and  manufacturer. 

TRACTIVE  RESISTANCES  TO  A   MOTOR  DELIVERY  WAGON  ON   DIFFERENT 

ROADS  AND  AT  DIFFERENT  SPEEDS 
A.  E.  KenneUy  and  O.  R.  Schurig  Vol.  zzxr-lSlC,  pp.  M6-86S 

A  complete  report  on  an  investigation  of  tractive  resistances  of  urban 
roads  to  a  motor  delivery  wagon  equipped  with  solid  rubber  tires.  The 
"tractive  resistance"  as  used  in  this  paper,  includes  still-air  resistance, 
but  does  not  include  wind  resistance  and  the  resistance  internal  to-^he        ^ 
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truck.  The  test  truck  is  fully  described.  The  results  included  are  (1) 
overall  efficiency  of  truck  mechanism  and  (2)  tractive  resistances  of  a 
number  of  typical  urban  roads.  The  components  of  tractive  resistance 
for  a  typical  road  are  also  given. 

Discussion^  pages  954-955,  by  Messrs.  A.  A.  Nims  and  O.  R.  Schurig. 

A  discussion  of  "vehicle  efficiency,"  "road  resistance,"  "air  resistance," 
etc. 

APPLICATION  OF  A  POLAR  FORM  OF  COMPLEX  QUANTITIES  TO  THE  CALCULA- 
TION OF  ALTERNATING-CURRENT  PHENOMENA 
N.  S.  Dumant  Vol.  zzzr— 191C,  pp.  9ST.978 

In  the  calculation  of  a-c.  phenomena  by  means  of  complex  quantities,  as 
a  rule,  the  rectangular  components  of  the  vector  are  used.  A  simple 
method  for  dealing  directly  with  the  vectors  themselves  is  described  and 
consists  in  introducing  the  operator  j",  where  if,  contrary  to  ordinary 
usage,  may  be  any  positive  or  negative  fraction.  For  convenience  of 
reference  a  summary  of  formulas  is  given  and  also  a  very  short  biblio- 
graphy. 

Discussion,  pages  979-981,  by  Messrs.  A.  Gray,  E.  E.  P.  Creighton, 
J.  B.  Whitehead,  E.  H.  Colpitts  and  N.  S.  Diamant. 

A  general  discussion  of  the  various  mathematical  determinations. 

SOME  FEATURES  OF  DOMESTIC  ELECTRIC  COOKING  AND  HEATING 
H.  B.  Peirce  Vol.  zzxr—lMC,  pp.  1001-1011 

From  tests  made  on  a  number  of  domestic  cooking  and  heating  installa- 
tions, it  would  appear  that  electric  cooking  has  a  better  load  factor  than  a 
lighting  load  and  that  this  factor  improves  as  the  number  of  ranges 
increases.  The  errors  incident  to  these  tests  are  discussed.  Suggestions 
are  made  for  checking  these  results  by  others.  In  the  heating  field,  the 
effect  of  water  heaters  superimposed  on  range  loads  is  discussed  in  rela- 
tion to  their  effect  on  the  central  station  loads  and  income. 

Discussion,  pages  1012-1015,  by  Messrs.  J.  B.  Fisken,  C.  E.  Magnusson, 
W.  D.  Peaslee,  L.  F.  Curtis,  R.  W.  Pope,  E.  R.  Perry,  H.  F.  Holland  and 
H.  J.  Gille. 

A  general  discussion. 

INSULATOR  FAILURES  UNDER  TRANSIENT  VOLTAGES 
W.  D.  Peaslee  Vol.  xszr— 1010,  pp.  118T-1104 

This  |>aper  presents  the  results  of  recent  investigations  on  the  failure  of 
insulators  under  impact  and  combined  impact  and  normal  frequency  volt- 
ages. Microphotographs  are  included.  The  breakdown  of  a  dielectric 
involves  energy  which  is  a  time  function,  and  the  importance  of  the  dura- 
tion of  the  stress  in  determining  the  magnitude  of  the  voltage  necessary  to 
puncture  an  insulator  are  discussed.  The  importance  of  the  elimination 
of  air  holes  and  defects  in  porcelain  is  shown.  Some  essential  features  of  a 
successful  line  insulator  are  stated. 

Discussion,  pages  1195-1205,  by  Messrs.  J.  B.  Fisken,  W.  D.  Peaslee,  R. 
Howes,  L.  T.  Merwin,  H.  J.  Ryan,  R.  W.  Mastick,  R.  M.  Boykin,  A.  A. 
Miller  and  E.  E.  F.  Creighton. 

A  general  discussion  including  experiences  of  certain  power  transmission 
lines. 
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blbctrical  machinery  tests  and  specifications  based  on  modern 

standards 

H.  M.  Hobart  Vol.  zxzr— 191C,  pp.  ia6t-lS87 

Comparisons  are  made  of  the  standardization  rules  for  electrical 
machinery  now  in  force  in  various  countries  showing  that  machinery  built 
in  conformance  with  the  American  rules  will  usually  also  conform  with 
rules  employed  in  other  countries.  Suggestion  is  made  that  55  degrees 
could  be  employed  as  the  ambient  temperature  of  reference  for  tropical 
ratings.  Attention  is  called  to  a  series  of  acceptance  tests  on  some  large 
waterwheel  generators  and  to  the  temperature  results  obtained  by  making 
cyclic  heat  runs  on  these  machines. 

No  discussion. 

THE  BFFBCT  OF  RBCSNT  DECISIONS  ON  THE  WORK  OF   INVENTORY  AND 

APPRAISAL 
Philander  Betts  Vol.  zxzv— 191C,  pp.  1SC9-1S74 

In  order  that  inventories  and  appraisals  shall  be  useful  in  determining 
all  the  appropriate  elements  of  value,  they  must  be  classified  as  to  age, 
condition,  use,  and  extent  of  use  in  each  class  of  service. 

Discussion,  incorporated  with  that  of  paper  by  Julian  Loebenstein  on 
"Growth  and  Depreciation." 

CONTINUOUS  INVENTORIES:     THEIR  PREPARATION  AND  VALUE 
Harry  E.  Carrer  Vol.  zzzr— 191C,  pp.  1S75-1S87 

A  discussion  of  the  advisability  of  attempting  a  continuous  inventory, 
giving  possible  uses  and  advantages  to  be  derived  therefrom.  Also,  the 
preparation  of  such  an  inventory.  Suggestions  for  the  division  of  property 
into  four  general  groups  for  that  purpose,  outlines  of  general  forms  and 
methods  for  collecting  and  recording  data  required. 

Discussion  incorporated  with  that  of  paper  by  Julian  Loebenstein  on 
"Growth  and  Depreciation." 

GROWTH  AND  DEPRECIATION 
Julian  Loebenstein  Vol.  xxxr—191%,  pp.  1S89-1407 

It  is  generally  assumed  that  a  complex  utility  property  will  depreciate  to 
an  approximately  fixed  per  cent  condition.  This  is  shown  by  theoretical 
and  actual  curves  to  be  incorrect.  It  is  shown  that  the  manner  of  the 
company's  growth  affects  its  per  cent  condition. 

The  necessity  of  reserves,  the  manner  in  which  they  may  be  kept  and  the 
return  which  should  be  allowed  on  them,  whether  reinvested  or  not,  is 
discussed.  Several  commission  and  court  decisions  are  quoted  to  show 
the  tendency  to  disallow  a  return  on  a  reserve  and  arguments  are  presented 
in  refutation  of  the  decisions. 

Discussion  (including  that  of  papers  by  Philander  Betts  and  Harry  E. 
Carver),  pages  1408-1436,  by  Messrs.  W.  B.  Jackson,  G.  W.  Whittemore, 
D.  B.  Rushmore,  E.  J.  Cheney,  W.  S.  Franklin,  P.  Betts,  H.  E.  Carver, 
W.  R.  McCann,  P.  Gill,  L.  R.  Nash,  F.  C.  Merriell  and  J.  Loebenstein. 

A  general  discussion  of  factors  involved  in  the  three  papers. 
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RUPTURING  CAPACITIES  OF  OIL  CIRCUIT  BREAKERS 
Stephen  Q.  Hayes  Vol.  zzzv— 191C,  pp.  IStS-ltSO 

A  series  of  notes  on  the  rupturing  capacity  of  oil  breakers.  Description 
of  result  obtained  by  root-mean-square  of  maximum  peak  of  current  wave 
that  occurs  while  breaker  is  opening  multiplied  by  root- mean-square  of 
open-circuit  voltage  that  occurs  immediately  after  breaker  opens.  Atten- 
tion called  to  different  classes  of  ratings.  Recommendations  made  as  to 
most  desirable  method  of  rating  and  ability  of  breakers  to  be  re-operative. 

Discussion  incorporated  with  that  of  paper  by  E.  M.  Hewlett  on 
"Rating  of  Oil  Circuit  Breakers." 

RATING  OF  OIL  CIRCUIT  BREAKERS 
B.  M.  Hewlett  Vol.  zzzy— 191C,  pp.  IMl-lftSS 

Paper  points  out  several  difficulties  which  are  encountered  in  rating  by 
actual  current  breakers,  but  generally  favors  that  these  ratings  be  on  the 
basis  of  the  current  to  be  opened  in  the  arc  at  the  operating  voltage  of  the 
system. 

Discussion,  pages  1534-1549,  by  Messrs.  C.  Lichtenberg,  N.  L.  Pollard, 
G.  A.  Burnham,  J.  L.  Harper,  H.  W.  Buck,  J.  B.  Taylor,  K.  C.  Randall. 
L.  E.  Imlay,|C.  A.  Adams,  E.  M.  Hewlett,  S.  Q.  Hayes,  H.  R.  Summer- 
hayes,  P.  M.  Lincoln,  L.  W.  Chubb  and  P.  Lindemann. 

A  general  discussion. 
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A-C.  generators,     temperature    guarantees       (See     Temperature 
guarantees,  etc.) 
motors,  oil  wells    (See  Motors,  oil  wells,  etc.) 

phenomena,   calculation,  complex  quantities,  polar  form ....       957 
complex    quantities,    polar    form, 

addition  and  subtraction 962 

complex    quantities,    polar    form, 

bibliography 977 

complex    quantities,    polar    form, 

expression  for  power 963 

complex     quantities,    polar   form, 

general  principles 959 

complex    quantities,    polar    form, 

illustrative  problems 966 

complex    quantities,    polar    form, 

multiplication  and  division 960 

Admittance,  wave  form  standard,  characteristics 1 155 

condenser  type,  objections 1157 

distortion  factors,  formulas. ...     1167 
numerical 

values 1173 

harmonics,  penalty  curves 1172 

interference  coefficients 1174 

measurements 1168 

R  C     standard,     characteristic 

curves,  R  variable •. .      1 160 

RLC    standard,     characteristic 

curves,  variable  L,  R  constant     1 163 
RLC    standard,     characteristic 

curves,  variable  R,  L  constant     1162 
RLC   standard,  important    re- 
quirements        1 166 

simple   and    complex    standard 

circuits 1158 

Air,  corona,  effect  of  density 788 

visual,  data 787 

effect  high  continuous  voltages 783 

spark-over  voltages,  concentric  cylinders 789 

needle  gaps 786 

spheres 785 

Alabama  Power  Co.,  report  on  grounded  neutral 581 

Altitude,  effect  on  temperature  rise,  electrical  apparatus.     (See 

Temperature,  operating,  etc.) 
Appraisal  and  inventory,  recent  decisions,  effect  of     (See  Inven- 
tory and  appraisal,  recent  decisions,  etc.) 

Arcing  ground  suppressor 699       719 

Arresters,  aluminum  cell 699 

lightning,  determining  effectiveness  of 659 

Artificial  transmission  line,  adjustable  constants 1137 

Asphalt  roads,  tractive  resistances,  motor  truck 941 

Balancers,  single-phase,  essential  requirements 1341 
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Barometric  pressure,  effect  on  temperature  rise,  stationary  induc- 
tion apparatus  (See  Temperature,  operating,  altitude  effect, 
etc.) 

Blooming  mill,  reversing,  electric  drive,  statistics 502 

Brick-block  road,  tractive  resistance,  motor  truck 943 

Budapest  City  Railroad,  d-c,  high  voltage 369 

Bus,  generator,  scheme  of  Public  Service  Electric  Co 701 

Cables,  insulated,  lead  covered,  temperature  rise 1017 

split  conductor,  use 725 

temperature  rise,  carrying  capacity  2-conductor  concentric.  1037 

2-conductor  flat  and  3- 

conductor  sector 1037 

reduction  factors 1050 

duct  lines 1028 

forced  ventilation 1047 

water  cooled 1046 

early  investigations 1018 

effect  of  adjacent  cables,  equations 1049 

effect  of  short-circuited  lead  sheaths 1046 

final  rise 1034 

hot  spots  due  to  steam  lines 1043 

maximum    current     carrying    capacity, 

multiple- conductor  cable 1027  1035 

maximum     current     carrying    capacity 

one-conductor  cable 1024  1025 

overload  or  intermittent  rating 1030 

rate 1032  1038 

rating  of  cables 1019 

sheath  currents 1027 

surface  thermal  conductivity 1020 

thermal  conductivities,  graphic  method.  1034 
pap  er-insulated 
one-conductor 

lead-covered . .  1024 

variable  air  temperature,  duct  line 1041 

Canadian  electrical  utilities,  municipal     (See  Public  utilities,  etc.) 

Central  station  power,  single-phase 1329 

Ceramics*,  durability  factor,  porcelain  suspension  insulators     (See 

Insulators,  porcelain  suspension,  etc.) 

Chicago  and  Interurban  Traction  Co.,  report  on  grounded  neutral .  580 

Cinder  and  gravel  roads,  tractive  resistances,  truck 946 

Circuit  breakers,  oil,  rating 1531 

distress  definition 1536 

factor  of  safety 1541 

low  vs.  hi^h-voltage  arcs 1541 

physical  dimensions  factor 1533 

power  factor 1535 

reactors 1533 

rupturing    capacitv 1523 

"  1,425,000  kv-a.  test 1530 

class  ratings 1525 

effect  of  location 1524 

maximum     current     vs. 

maximum  kv-a.  rating  1528 
ratings,    automatic    and 

non-automatic 1525 

reoperation 1528 

symmetrical  vs.   unsym- 

metrical  wave 1526 

tank  dimensions  factor.  1527 
Complex  quantities,   polar  form,   application   to  solution  of  a-c. 

phenomena 957 

Conductivity,  thermal,  cylinders,  infinite  length  (cables) . ,  .  .^  . . .  li)19 
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Conductors,  split,  use 725 

steel  (See  Transmission,  conductors,  steel,  etc.) 1237 

Converters,  phase,  action  of,  explanation 1352 

current  relations 1352 

theory  of 1318 

synchronous,  protection,  after  service  interruption . . .  640 

Cooking,  electric,  demand  factor,  apartment  house,  curve 1005 

curves : 1005 

load  factor 1002 

range  load  curves 1003 

power  rates 989 

Copper  losses,  d-c.  machines,  armature  eddy  current,  estimated  vs. 

calculated, 

table 274 

formula..  272  278 

loss  at  no-load  269 
Corona,  detection;  comparison  of  electroscope,  galvanometer  and 

telephone  method 820 

electroscope 812 

galvanometer 813 

observed  and  calculated  values,  comparison. . .  821 

telephone 814 

voltmeter 809 

methods  of  observation 812 

principle 811 

Cost,  artificial  transmission  line 1141 

comparative  single-phase  power  generation 1348  1357 

insulator  testing,  telephone  method 1 106 

municipal  lighting  and  railway  power,  Canada 64 

power,  Niagara 387 

per  kw-hr.,  public  utilities,  Canadian,  table 53 

single-phase,  Niagara 1307 

rolling  mill,  reversing  dnve,  steam  vs.  electric 506 

Crest  voltmeters  (See  Voltmeters,  crest,  etc.) 

Currents,  impulse,  periodic  and  non-periodic  vs.  spacic  and  non- 

spacic 30 

theory 1 

boundary  conditions 25 

constants 23 

cumulative  oscillations 24 

distortion  constant 14 

energy  dissipation  constant 15 

energy  transfer  constant 15 

extremely  high  frequencies 22 

quarter- wave  oscillations 22 

terminal  conditions 23 

Cyclograph,  cathode  ray 141 

D-C.  railway  practise,  high- voltage  (See  Railways,  d-c.  etc.) 
Defense  vs.  water  power  developemnt  (See  Water  power  develop- 
ment, etc.) 
Depreciation  and  growth  (See  Growth  and  depreciation) 

Dielectric  strength,  absorption  phenomena 805 

air,  oil  and  solid  insulations 783 

variation  with  thickness,  explanation 804 

Dielectrics,  research  subjects 909 

Direct- current  machines,  iron  losses  (See  Iron  losses,  etc.) 

Distortion  factor,  differential,  definition 1157 

Distribution,  domestic  power,  commercial  and  engineering  stand- 
point    983 

individual    residence    transformers, 

advantages 992 

map  of  system 984 

undergroupd?  3-conductQr  cable,  maximum  sizes V^^^/^T^ 
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Distribution,  underground  (continued) 

advantages 1209 

cable,  installing 1218 

sizes 1215 

conduit,  location 1220 

size 1230 

system 1219 

design,  load  records 1210 

economy,  factors  concerned 1213 

load  maps 121 1  1214 

location  of  trunk  ducts  under  service 

boxes 1224 

manholes,  fi reproofing  cables 1232 

number 1232  1234 

paper-insulated  cable 1223 

reliability,  factors  concerned 1213 

schemes  of  distribution 1211 

steel  mills 1224 

disadvantages 1226 

duct  foundations 1227 

single  vs.  3-conductor  cable.  1228 

sub-surface  obstructions,  map 1221 

subway  equipment 1217 

system  subdivisions 1215 

transformer  vaults,  ventilation 1229 

Domestic  power,  distribution  systems  (See  Distribution,  domestic 
power,  etc.) 

Efficiency,  mechanism,  overall,  electric  truck 935 

Einthoven  galvanometer 217 

motion  of  string,  equation 237 

varying  frequency, 

curves 238 

Electric  circuit,  capacity  in  series,  application  of 29  31 

diagram 28 

voltage  and  current  equations  .  .  28 
drive,  rolling  mills,  reversing  (See  Rolling  mills,  reversing, 
etc.) 

heating  and  cooking,  some  features  of 1001 

lighting,  research  subjects 906 

machinery,  specifications,  modern  standards  (See  Speci- 
fications, electric  machinery,  etc.) 
railroad,  Norfolk  and  Western,  Operation  (See  Railroad, 
electric,  etc.) 

truck,  overall  efficiency,  driving  mechanism 935 

valve,  frequency  range 135 

Electrical  apparatus,   temperature   rise,    effect   of   altitude    (See 
Temperature,  operating,  etc.) 
machinery,  temperature  distribution  (See  Temperature 
distribution,  etc.) 

research,  engineering  colleges,  suggestions 895 

utilities,    municipal,    Canadian,    western    (See    Public 
utilities,  etc.) 

Electrochemical  industries,  cooperative  power  development 391 

location,  factors  involved 389 

products,  brief  review  of 386 

various  products,  power  consumption .  387 

water  and  power  development,  interest  385 

Electrolysis,  coefficient  of  corrosion,  definition 301 

iron,  variation  of  potential  between  bonds  of  pipe  or 

rail 339 

water  rheostats 339 

and  lead,  advisability  of  reversing  trolley  poten- 
tials penodicalljr. . . , , ^  ^, . .  328 
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Electrolysis,  iron  and  lead  (continued) 

apparent    current    densities    met    in 

practise 329 

coefficient  of  corrosion,  various  condi- 
tions, curve 325 

complete  tests,  accuracy  of  results. ...       315 
arrangement  of  tests . .       309 
chemicals     and     elec- 
trodes        311 

cleaning  of  electrodes. .       313 

conditions 310 

correction  and  reduc- 
tion factors 314 

current  measurements       314 

electrolyte  used 309 

frequency  and  current 

density 312 

iron  electrodes  in  so- 
dium carbonate  soil       320 
lead  electrodes  in    so- 
dium carbonate  soil       321 
60  and  1 5-cy cle  tests . .       316 
1-sec.  and  6-sec.  period 

tests 316 

one    and    ten    minute 

period  tests 316 

One  hour,  48  hour  and 

weekly  period  tests .       317 
tabular    summary    of 

tests 319 

effect  of  circulation  of  electrolyte 305 

effect  of  circulation  of  electrolvte,  60- 

cycle  and  20-cycle  current  table ....       307 
effect  of  circulation  of  electrolyte,  24- 
hour  reversals,  table 308 

effect  of  current  reversal  on  resistance  336 
effect  of  gas  formation  in  el  ectrolyte.331  338 
effect  of  valency  of  metals  on  corrosion       333 

frequency  limit  of  corrosion 332 

influence  of  frequency 301 

main  causes 302 

pitting 335 

theories  advanced 303 

iron  embedded  in  concrete 336 

nickel  steel  alloys  and  boiler  plate 341 

various  alloys,  electrolyte  of  2  per  cent  sodium   car- 
bonate         340 

Electro.scope,  corona  detection 812 

Exciters,  connection  scheme,  Public  Service  Electric  Co 703 

Experiments,    insulators,    porcelain    suspension    (See    Insulators, 
porcelain  suspension,  etc.) 

Faulty  cable  localizer 700 

Food  problem  vs.  water  power  development  (See  Water  Power 

development,  etc.) 
Frequency,  effect  on  electrolysis  of  iron  and  lead  (See  Electrolysis, 
iron  and  lead,  etc.) 
high,  suppression  of  surges,  use  of  parallel    grounded 
wires  (See  Wires,  parallel  grounded,  etc.) 

Future  of  water  power  in  the  United  States 249 

Galvanometer,  corona  detection 813 

Einthoven 217 

Generators,  3-phase,  protection,  opening  field  circuit,  diagram  of 

connections /^A^/^T^ 
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Generators,  3-phase  protection  (continued) 

relays ..  636 

voltage  reduction,  opening  exciter 

field 638 

opening  gener- 
ator field .  . .  638 
a-c,  temperature  guarantees  (See  Temperature,  guar- 
antees, etc.) 

air- washer,  Public  Service  Electric  Co 713 

d-c,  speed-output  curves 515 

research  subjects 902 

single-phase,  theory 1333 

turbo,  temperature  conditions,  rotors 1497 
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European  vs.  American  prac- 
tise   528 

excitation 530 

first  cost 532 

forced  ventilation 534 

generators 529 

msulation  of  machines 519 

list  of  installations 531 

relation  watt-hours  to  elon- 
gation    508 

schematic  diagram 503 

series  exciter 504 

shaft  strength 522 

Steel  Co.   of  Canada,  instal- 
lation and  operating  costs .  523 
summary  of  advantages ....  524 

time  study 511  512 

voltage  selection 513 

windings  for  generators 516 

electric  vs.  steam  dnve 505 
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Rolling  mills,  reversing  {continued) 

steam  drive,  steam  consumption 507 

5000-k  w. 
turbine       509 
vs.  electric   drive,  boiler     capacity 

factor 520 

speed  curves. ...        510 

Selenium  cell 235 

Service,  restoration,  a-c.  distribution  feeders,  diagram     of      relay 

connections 645 

oscillograms  of  6600- 
volt  system  opera- 
tion        647 

after  necessary  interruption 635 

generator   protec- 
tion        636 

induction  motor 

protection 640 

synchronous  con- 
verter protec- 
tion          640 

synchronous  mo- 
tor protection..       641 

generator  protection,  rfelays 636 

voltmeter  charts  showing  effect  of  lightning 

strokes 644 

Single-phase  power,  power  company's  problem  (See  Power,  single- 
phase,  etc.) 

production 1315 

Slip,  chattering  wheel,  electric  motive  power  (See  Wheel  slip,  etc.) 

Sparking  probe 1 132 

Spark -over  voltages,  air,  etc.   (See  Air,  spark-over  voltages,  etc.) 

oil  (See  Oil,  spark-over  voltages,  etc.) 
Specifications,  electrical  machinery,  ambient   temperature,   accep- 
tance tests 1264 

ambient  temperature  of  refer- 
ence       1261 

insulation,  intensified  aging.  .      1274 

loss  per  degree  air  rise 1282 

loss  per  degree  air  rise,   em- 
bedded detectors 1283 

maximum      shade      tempera- 
tures, various  locations. .  .  .      1263 
open-circuit  and  short-circuit 
losses,  3-phase,   12-pole  al- 
ternator       1281 

room- temperature,    effect    on 

temperature  rise 1266 

temperature,  circulating  air. .      1276 
limits,   compari- 
son,     British 
and  American 
Rule6....1286     1287 
rise,     correction 

factors 1267 

rise,  embedded 

detectors..  . .     1267 
rise,    equivalent 

tests 1278 

rise,  hottest  spot     1268 
rise,  hottest-spot 
temperature  .     W^r\r\n\o 
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Specifications,  electrical  machinery,  temperature  (continued) 

rise,  initial  tem- 
pcrature  of 

winding 1270 

rise,    location  of 

detectors..    ..  1269 
rise,     margin    of 

safety 1277 

rise,      overload 

rating 1275 

temperature-time  curves 1284 

tests,  modern  standards 1259 

Speech,   true  nature 213 

brain  cell  analogy  to  Baudot  system  of  tele- 
graphy    234 

comparison  of  English,  phonographic  and  sub- 
marine cable  alphabet,  table 227 

definition 21,*J 

harmonic  vs.  absolute  pitch  theory 243 

Helmholtz  formula,  resonance  spherical  cav- 
ity   226 

natural  alphabet,  pattern  forms 219 

phonographic     alphabet     writing     machine, 

operation 230 

phonographic     alphabet      writing     machine 

wiring  diagram  and  arrangement 228 

phonographic  records,  approximations 236 

selenium  cell 235 

.speech  and  voice,  distinction 216 

string  galvanometer,  motion  equation 237 

vowels  and  consonants,  definition 215 

whispered  speech,  acousticon  transmitter. ...  217 

pattern  pictures 218 

written  and  spoken  language 216 

Standardization,  national  and  international 489 

Steel  conductors,  transmission  lines  (See    Transmission,    conduc- 
tors, steel,  etc.) 

Stefan- Boltzman  law,  heat  radiation 601 

Surges,  electrical  measurement  of 107 

Switches,  sequence  of  action,  multi-recorder 712 

Telephone  receiver  test,  defective  insulator 1097 

Temperature,  ambient 1261 

distribution,  armature,  equalization  of  temperature.  1480 

heat  flow  through  iron 1477 

to  air 1478 

manv  conductor  coils 1486 

coil.'. 1473 

lateral  heat  flow 1475 

locating  thermo-couples.  1476 

longitudinal  heat  flow .  .  .  1473 

electrical  machinery 1471 

heat  flow  rules ....  1471 
guarantees,  a-c.  generators,  armature     current     vs. 

field  current  1498 

rise  vs.  load. . .  1492 

heat  flow  calculations. .  1495 

inconsistent  guarantees.  1491 

low  rise,  advantage ... .  1492 

permissible  rises 1490 

rotor,  rise  vs.  volts  drop.  1497 

thermal  drop  formula. .  1496 

exciting  current  limit 1520 

fallacies ^ t1481 
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Temperature,  guarantees  {continued) 

generators,  a-c 1489 

mica    insulation,    importance    of    firm 

binding 1517 

relative  conductivities 1494 

turbo-generators,  amount  of  ventilat- 
ing air  passed 1519 

measurement,  eddy  currents,  effect  of 1504 

errors 1482 

periodic  generators 1514 

resistance  coils,  disadvantages 1484 

location 1485 

thermocouple 1486 

location,  errors 1506 

transformers 1508 

operating,  effect  of  altitude 555 

radiation,    conduction 

and  convection  laws . .  600 

induction  apparatus ....  599 
barometric  pressure  on  radiation, 

conduction  and  convection . .  608 
room  temperature  on  radiation, 

conduction  and  con  vection.607  608 
stationary  induction  apparatus,  theoreti- 
cal calculation 611 

rise,  air-flow  effect 1510 

cables,    insulated    lead-covered    (See    Cables, 

temperature  rise,  etc.) 

Class  A  and  Class  B  insulations,  relations  curve  1515 

generators,  air  washer 713 

insulation  thickness,  limiting  value 1513 

limit,  determination  of 1511 

The  Colorado  Power  Co.,  report  on  grounded  neutral 579 

The  Montana  Power  Co.,  report  on  grounded  neutral 579 

The  Toronto  Power  Co.,  report  on  grounded  neutral 578 

Thermal  capacity,  watt-hr.  per  inch  cube;  copper,  iron,  steel,  lead, 

rubber,  paper 1031 

conductivity,  cables 1019 

Thermocouples,  used  by  Public  Service  Electric  Co 713 

Traction,  electric,  research  subjects 906 

Tractive  resistances,  truck,  battery  specifications 930 

brick-block  road 943 

cinder  and  gravel  road 946 

different  roads  and  speeds 926 

elevations  and  cross-sections 927 

experimental  procedure 931 

granite-block  road 943 

laboratory  tests 933 

level  asphalt  road,  curves 941 

macadam  road 944 

motor  and  controller  specifications. . . .  929 

overall  efficiency  of  driving  mechanism  935 

specifications  of  motor  truck 926 

wood-block  road 942 

Transformer,  iron  losses,  eddy  current  losses 290 

testing,  variation  of  crest  factor 101 

wave  form 101 

Transformers,  air-blast,  dampers 714 

iron  losses 288 

isolating,    high -voltage    systems    (See    Protection, 

high- voltage  systems,  etc.) 
lightning  protection  (See  Protection,  lightning,  etc.) 

research  subjects 904 
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Transformers  {continued) 

temperature  guarantees 1508 

rise,    calculation   (See    Temperature, 
operating,  stationary  induction  ap- 
paratus, etc.) 
rise  effect  of  altitude,  formulas  recom- 
mended          625 

general  equa- 
tion         614 

test  on  125-kw., 
11000-2300 
volt  transfor- 
mer         629 

Transient   voltages,   insulator  failures   (See   Insulators,   transient 

voltages,  etc.) 
Transmission  Committee  Report,  "Effect  of  Altitude  on  Operating 

Temperature" 555 

"Experience      with      Grounded 
Neutral     on      High-Tension 

Transmission  Lines'* 560 

conductors,  steel 1237 

100,000-volt  lines 1247 

a-c.  vs.  d-c 1238 

branch  lines 1245 

copper  clad, 1253 

corona  limit  values 1258 

cost  relative  to  copper 1246     1257 

damping  of  surges 1243 

examples 1248 

internal   reactance   curves 1243 

length   of   spans 1244 

resistance  curves 1239  to     1242 

scrap  value   and   corrosion 1252 

spiraling,    effect     on      magnetiza- 
tion  1242     1244 

steel-copper  joints 1256 

trolley  wires 1251 

d-c,  high-tension,  advantages 802 

high-tension,  defective  insulators,    testing  for  (See 
Insulators,  high-tension,  defective, 
etc.) 
grounded  neutral,  advantages  of  gen- 
erating station  ground 592 

grounded  neutral,  Alabama  Power  Co       581 
Chicago     &    Inter- 
urban      Traction 

Co 580 

experiences 560 

J.  G.  White  Engi- 
neering Corpora- 
tion          581 

metallic     grid     vs. 

water  resistance. .       593 
Mt.  Whitney  Power 

&  Elec.  Co 577 

Pacific    Light   '& 

Power  Co 571 

Penn.     Water    & 

Power  Co 561 

Penn.  Water  & 
Power  O  o., 
ground  curx  en  t  os- 
cillograms        565 
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Transmission,  high-tension,  grounded  neutral  (continued) 

Penn.    Water    & 
Power  Co.,  resist- 
ance   and    react- 
ance tables....  567       568 
Penn.     Water    &  , 
Power  Co.,  single- 
wire  grounds ....       566 
Public  Service  Elec- 
tric Co 569 

Puget  Sound  Trac- 
tion.   Light    & 

Power  Co 579 

The  Colorado  Pow- 
er Co 579 

The  Montana  Pow- 
er Co 579 

Toronto  Power  Co.       578 
Utah       Power       & 

Light  Co 579 

Victoria     Falls      & 
Transvaal  Power 

Co.,  Ltd 590 

quarter- w^ve  oscillations 22 

transient  voltages,  insulator  failures. .      1187 

origin 1188 

research  subjects 905 

line,  artificial,  adjustable  constants 1137 

costs 1141 

bibliography 1149 

condensance  element 1140 

distributed  and  lumpy  types 1150 

experiments,  resonance 1145 

sudden    impressed    im- 
pulses       1142 

voltage     and      current 

along  line 1143 

inductance  element 1140 

instruments 1141 

resistance  element 1109 

wiring  diagram 1 138 

parallel  grounded  wires,  theory  and  use  (See 

Wires,  parallel  grounded,  etc.) 
poles,  protection  against  lightning,  grounded 

vertical  wire 849 

Transportation  problem  vs.  water  power  development  (See  Water 

power  development,  etc.) 
United  Electric  Light  &  Power  Co.,  201st  St.     Station,     N.     Y., 

N.   H.    &  H.    supply,   dia- 
gram of  connections 1298 

West  Farms  substation,  N. 
Y.,  N.  H.  &  H.  supply, 
diagram  of  connections ....      1299 

Utah  Power  &  Light  Co.,  report  on  grounded  neutral 579 

Underground  distribution  system*?  (See  Distribution,  underground, 
etc.) 

Ventilation,  turbo-generators,  amount  of  air  passed 1519 

Victoria  Falls  and  Transvaal  Power  Co.,  Ltd.  report  on  grounded 

neutral 590 

Voltage,  high,  measurement 119 

cathode  ray  cyclograph 141 

connections  for  a  300-kw.  300,000  volt 
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Voltage,  high,  measurement  (continued) 

corona  method 136 

crest  voltmeter  method,  errors  intro- 
duced   125 

determination  of  crest  factors 121 

diagram  of  connections 120 

electrostatic  vs.  oscillograph 132 

experimental  apparatus 119 

impulse  transformer  method 130 

methods 127 

necessity  for  satisfactory  standard ....  139 

secondary  and  tertiary  voltages 122 

secondary  voltage  by  crest  voltmeter .  .  124 

sphere  gap  method 128 

rises,  coherer  alarm  device 714 

Voltmeter  coil,  testing  transformers 117 

testing  accuracy 143 

corona 809 

50,000- volt  type 818 

100,000- volt  type 816 

calibration 822 

permanence 829 

comparison  with  sphere  gap  readings 842 

dimensions 831 

ionization,  effect 841 

method  of  measurement 827 

pressure  type 838 

vs.  temperature,  table  of  values 828 

crest 99  '    109 

accuracy 113 

advantages 115 

over  needle  and  sphere  spark  gaps 110 

applications 115 

calibration 113 

construction Ill 

desirable  characteristics 109 

diagram  of  connections 103  111 

electrostatic  type 133 

construction 134 

galvanometer  deflections  vs.  crest  voltages,  propor- 
tionality   105 

historical 1 10 

necessity  of 99 

operation 112 

possibility  of  measuring  surges 107 

rotating  vs.  hot  cathode  rectifiers 114 

testing,  built-up  waves,  diagram 104 

transformer,  variation  of  crest  factor 101 

wave  form 101 

distortion 100 

Washington  Water  Power  Co.,  protection  features 1195 

Water  heating,  electric 1008 

high  power  factor  heater,  description 1012 

rates 1009 

wiring  diagram  of  range 1009 

power,  future  in  U.  S 249 

development,  electrochemical  industries,  interest  of 

(See  Electrochemical  industries,    etc.) 
development,    electrochemical    industries,     freight 

rates  vs.  power  costs 421 

development,  electrochemical  industries,   part  time 

operation y^. .  . .  ^459 

Digitized  by  LjOOQ IC 


TOPICAL  INDEX  65 

Water  power,  development  (continued) 

financial  aspect 441 

combination  of  various 

sources  of  power.  . .  446 
effect  of  laws  and  prec- 
edents   445 

excessive  promoter 

charges 462 

installation,  initial  ul- 
timate capacity ....  447 

food  problem 393 

agricultural  aspect 396 

fertilizer  distribution    in 

1909 401 

harvest  statistics.  ......  400 

importation  of  fertilizer.  398 

manufacture  of  fertilizers  397 
potash    and    phosphate 

extraction 399 

nitrogen,  fixation,  Cyanamid  process.  438 
du  Pont  process.  . .  438 
utilization  of  pres- 
ent   electric    in- 
stallations    436 

possible  nitrogen  sources,  coking  in- 
dustry   *   466 

transportation  problem 403 

transportation  problem,  canal  vs.  rail- 
road construction,  cost 414 

transportation  problem,  construction 

of  dams " 409 

transportation    problem,    permissible 

hydroelectric  investment 411 

transportation    problem,    permissible 
hydroelectric   investment  stand-by 

steam  plant 412 

transportation  problem,  railroad  fuel 

cost  vs.  total  operating  expense ....  406 
transportation  problem,  railroad  oper- 
ating expenses 404 

transportation  problem,  steam  loco- 
motive vs.  electric  power 427 

transportation  problem,  steam  power 

cost,  recent  improvement 408  423 

transportation    problem,    steam    vs. 

electricity,  average  cost 405 

vs.  defense 431 

nitrate  importation 432 

Wattmeter,  polyphase,  connections,  checking 183  192 

by  opening  supply . .  203 

classification 184 

effect  of  unbalanced  load ....  208 

equation  verification 190 

possible  arrangements 185 

rate  of  rotation,  equations .  . .  187 

two  wattmeter  check 210 

with  voltage  transformers. ...  197 

Wave  form,  deviation  factor 1 156 

standard,  admittance  type 1155 

inductive  interference,  committee  report. . .  1171 

Wheel  slip,  chattering,  characteristic  diagram 178 

cure 180 

electric  motive  power ^<^175       t 
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